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ABSTRACT 
Plant defense responses vary depending on the pathogen and intensity of attack. 
These responses are mediated through two levels of defense, with the first level being 
pathogen-triggered immunity (PTI) that is triggered by host recognition of microbe-
associated molecular patterns (MAMPs). Successful pathogens are able to evade PTI by 
secreting effector molecules into host cells. These effectors are designed to suppress host 
defenses. In turn, effectors are inhibited by the second level of plant defense called 
effector-triggered immunity (ETI). In ETI, intracellular resistance proteins recognize and 
block effector dampening of host defenses. ETI results in gene expression changes that 
can lead to localized cell death known as the hypersensitive response (HR) as well as a 
plant-wide systemic acquired resistance. The Arabidopsis thaliana mutant alf3-1 
(aberrant lateral root formation 3-1) was characterized as the first and only case of HR 
in the root system. The alf3-1 mutant’s primary and lateral roots die unless they are 
grown in auxin-supplemented medium or at elevated ambient temperature. This thesis 




for ALF3. Consistent with an autoimmune response, we found that the alf3-1 mutant has 
increased production of phenylalanine- and tryptophan-derived defense compounds, as 
well as increased production of salicylic acid (SA), a plant hormone that mediates innate 
immunity. Based on gene expression profiling, we found that many immune and defense 
response genes were expressed highly in alf3-1 compared to wild type (WT). These genes 
include the SA-responsive PR1 and PBS3 as well as several WRKY transcription factors, 
a gene family implicated in plant defense. Importantly, we found that the vast majority of 
defense-related phenotypes dysregulated in alf3-1 returned to WT levels when the mutant 
was grown at elevated temperatures or in medium supplemented with auxin, conditions 
that suppress innate immunity. To determine the identity of ALF3, we used whole 
genome re-sequencing to identify a candidate gene that encodes an uncharacterized TIR 
domain protein. Because characterized plant TIR domain proteins have been shown to 
function in plant innate immunity, we hypothesize that alf3-1 is a gain-of-function 
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CHAPTER 1: INTRODUCTION 
 
1.1 Overview of chapter 
The focus of this thesis is the characterization of the ALF3 (Aberrant Lateral Root 
Formation 3) gene of Arabidopsis thaliana. The alf3-1 mutation in A. thaliana was 
originally identified in 1995 as having a root system that died prematurely and that could 
be rescued by the addition of the plant growth hormone auxin (Celenza et al., 1995). 
Based on this phenotype, the ALF3 gene was hypothesized to function in root growth and 
development. However, as work presented in this thesis will show, the ALF3 gene likely 
plays a role in plant innate immunity. Therefore, this chapter will first present an 
overview of plant innate immunity followed by a discussion of metabolic changes 
associated with plant defense. At the end of this chapter, background on the alf3-1 mutant 
will be presented as well as the thesis rationale. 
 
1.2 Plant perception of pathogens    
As sessile organisms, plants depend heavily on innate immunity and secondary 
metabolites for protection against a myriad of environmental and pathogenic threats. The 
role of secondary metabolites involved in defense will be discussed in later sections; first 
I will detail the dynamic interaction between pathogenic microbes and the host cell. In 
order to launch an appropriate response for each pathogen, plants therefore require a 
highly discerning immune system. The plant immune response is highly specific due to 




Genes induced during an abiotic stress response greatly vary from those induced during a 
biotrophic pathogen attack.  
The plant innate immune response consists of a two layer system. The first layer 
of defense is termed pathogen triggered immunity (PTI); the second layer is termed 
effector triggered immunity (ETI).  
 
1.2.1 Pathogen triggered immunity (PTI) 
PTI is induced upon host recognition of microbe-associated molecular patters (MAMPs) 
examples including bacterial flagellum, chitin, and elongation factor Tu (EF-Tu) (Macho 
and Zipfel, 2014; Nandety et al., 2013). Transmembrane pattern recognition receptor 
(PRR) proteins, known as receptor-like kinases (RLKs) or receptor-like proteins (RLPs), 
perceive MAMPs and signal a response through the induction of MAP Kinase-mediated 
defense pathways. PTI response may include ion flux changes, transcriptional 
reprogramming, reinforcement of cell wall structure, biosynthesis of antimicrobial 
compounds, and/or the expression of pathogen related proteins (El Kasmi et al., 2017). In 
most cases, PTI is sufficient to prevent pathogenesis. However, if PTI fails to inhibit 
progression of the pathogen, the second layer of defense, ETI, provides additional 





1.2.2 Effector triggered immunity (ETI) requires activation of CC-NBS-LRR and TIR-
NBS-LRR resistance protein signaling   
ETI exists because select pathogens have evolved the ability to evade PTI by secreting 
small molecules known as effectors into the host cell. The two categories of effectors 
secreted into plant cells are the type III secretion system (TSS) class secreted by bacterial 
pathogens and the RXLR class secreted by oomycetes (El Kasmi et al., 2017). ETI has 
co-evolved with pathogen effectors to provide an intracellular mechanism that is able to 
detect various effectors and subsequently induce an ETI-specific defense response and 
system acquired resistance (SAR) (Figure 1.1A). Effectors have been reported to target 
both PTI and ETI signaling components including receptor-like kinase BAK1 (Shan et 
al., 2008), Enhanced Disease Susceptibility 1 (EDS1) (an integral component of ETI 
signaling, discussed later) (Bhattacharjee et al., 2011), and the WRKY domain of 
nucleotide-binding leucine-rich repeat (NLR) RRS1 (Jones et al., 2016).  
ETI begins with the direct or indirect recognition of effectors by intracellular 
proteins known as resistance proteins. These ETI response proteins contain either a 
coiled-coil (CC) or toll/interleukin-1 receptor (TIR) N-terminal domain, both of which 
can mediate protein-protein interactions leading to signal transduction (Chakraborty et 
al., 2018; Meyers et al., 2005). In contrast, TIR domains of mammalian receptors are 
often C-terminal and respond to MAMPs instead of effectors. Additionally, mammalian 
TIR domains are linked by a transmembrane domain with a leucine-rich repeat (LRR) N-




The variety of resistance proteins that have roles in ETI has been extensively 
studied (Dangl and Jones, 2001; Meyers et al., 2005; Nandety et al., 2013). C-terminal 
ends of many resistance proteins contain nucleotide-binding leucine-rich repeat (NBS-
LRR) regions which are utilized in the recognition of various effector ligands (Chisholm 
et al., 2006; Tsuda and Katagiri, 2010). Resistance proteins with NBS-LRRs and either 
CC or TIR domains at the N-termini are known as CC-NBS-LRRs and TIR-NBS-LRRs, 
respectively (Figure 1.1B) (Nandety et al., 2013).  
An example of direct recognition of an effector by a resistance protein includes 
the interaction between fungal effector ATR12 and the TIR-NBS-LRR resistance protein 
RPP1 (Recognition of Peronospora Parasitica 1) (Botella et al., 1998; Jones et al., 2016; 
Rehmany et al., 2005). In a non-induced state, RPP1 forms an auto-inhibitory P-loop that 
remains inhibited until it interacts with pathogen-derived ligand, in this case the ligand 
being the ATR12 effector (Jones et al., 2016). When ATR12 binds, the RPP1 resistance 
protein is switched to an activated conformation. The newly activated RPP1 is now able 
to oligomerize and signal through the ETI defense network (Figure 1.1A) (Jones et al., 
2016).  
An example of indirect effector perception by resistance proteins involves RIN4 
(RPM1 Interacting Protein 4) (El Kasmi et al., 2017; Jones et al., 2016). While not a 
resistance protein itself, RIN4 is a part a resistance protein complex that includes RPS2 
(Resistant to P. Syringae 2) and RPM1 (Resistant to P. Syringae Maculicola 1), both of 
which are CC-NBS-LRRs (Jones et al., 2016). Differential activation of RPS2 and RPM1 




‘guarded’ by the two resistance proteins, RPM1 and RPS2 (El Kasmi et al., 2017; Jones 
et al., 2016). Bacterial effector AvrRpt2 targets RIN4 for degradation and in turn 
activates RPS2 (Jones et al., 2016). RPM1 ‘guards’ RIN4 against effectors AvrRpm1 and 
AvrB by recognizing phosphorylated RIN4 (Jones et al., 2016). Changes in RIN4 lead to 
the differential activation of RPS2 or RPM1 and thus induction of ETI defense signaling. 
 
1.2.3 TN and TX proteins as part of defense  
In addition to the TIR-NBS-LRR family, there are two additional families of TIR-
containing proteins that have been identified in plants, TIR-NBS and TIR-X (Nandety et 
al., 2013) . The TIR-NBS family have a TIR domain at the N-terminus and a C-terminal 
nucleotide binding site (NBS) domain, but lack a leucine-rich repeat (LRR). TIR-X 
proteins have a TIR domain but lack both NBS and LRR domains. Instead, TIR-X 
proteins contain small C-terminal domain of unknown function (X) and these domains 
are quite diverse between different TIR-X proteins (Nandety et al., 2013). There is 
limited detailed information as to how TIR-X and TIR-NBS members contribute to ETI 
defense and signaling. However, many TIR-X and TIR-NBS members have been 
reported to be in complex gene clusters with TIR-NBS-LRRs, suggesting that they may 
play a role in helping to facilitate signaling (Meyers et al., 2002). In the A. thaliana Col-0 
accession, 30 TIR-X genes and 21 TIR-NBS genes have been identified (Nandety et al., 
2013).  
To date, the function of the TIR-NBS and TIR-X families are not well understood 




studies reveal that they are involved in activating cell death pathways in response to 
pathogen attack (Nandety et al., 2013). Overexpression of TIR-X (TX) and TIR-NBS 
(TN) members TX21, TN21, and TN10 has resulted in autoimmune phenotypes that 
include leaf tissue chlorosis in transient overexpression lines and resistance to virulent 
bacterial pathogen Pst DC3000 in stable transgenic lines (Nandety et al., 2013). 
Additionally, HPLC quantification shows that in TN10, TN21, and TX21 overexpression 
lines, free SA levels are elevated compared to free SA levels in Col-0 (Nandety et al., 
2013).  
Finally, Nishimura et al. (2017) documented the unique case of the TIR-only 
defense protein RBA1 (Response to HopBA1) providing resistance against HopBA1 
bacterial effector in Ag-0 and Col-0 accessions. These findings provide clues for ETI 
induction outside of the resistance protein paradigm. However, significant gaps remain in 
our understanding of ETI immune response in plants. To date, virtually all studies on 
TIR-NBS-LRR, CC-NBS-LRR, TIR-NBS, TIR-X or TIR-only defense proteins have 
focused on the aerial portion of the plant thus providing little information on how ETI 
functions in the root. 
 
1.3 EDS1 and PAD4 transduce ETI signaling from TNLs 
TIR-NBS-LRRs and CC-NBS-LRRs interact with other proteins forming complexes that 
allow them to transduce ETI defense signaling. Many CC-NBS-LRRs signal through the 
plasma membrane associated protein Non-Race Specific Disease resistance (NDR1), 




protein, Enhanced Disease Susceptibility 1 (EDS1) (Cui et al., 2017) (Figure 1.1A). 
EDS1 directly works with binding partner Phytoalexin Deficient 4 (PAD4) along with 
various resistance proteins to promote SA accumulation via induction of SA biosynthesis 
gene ICS1 (Klessig, 2017). Effector triggered immunity (ETI) activation has been 
reported to induce EDS1 accumulation in the nucleus which also coincides with 
upregulation of SA mediated defense genes ICS1, PAD4, PR1, PBS3, CBP60g, FMO1, 
and EDS1. snc1 (suppressor of npr1, constitutive 1) is a TIR-NBS-LRR autoimmune 
mutant characterized as such because it displays a dwarf phenotype that depends on 
EDS1 function (Garcia et al., 2010). EDS1 serves as a signaling node for many resistance 
gene induced pathways and it has been established that EDS1 functions downstream 
resistance protein activation, but upstream of defense gene transcription (Wiermer et al., 
2005). It is clear that EDS1 plays an integral role in the regulation of many ETI signaling 
pathways however, the mechanism(s) through which EDS1/PAD4 regulate ICS1 
expression as well as other defense pathway components remains elusive (Klessig, 2017).   
 
1.4 Suppression of innate immunity in plants 
Studies of autoimmune mutants have revealed conditions under which immunity is 
suppressed. Generally plants have suppressed growth when dealing with pathogen 
invasion and abiotic stressors (Hammoudi et al., 2018; Mutka et al., 2013). Reports by 
Mutka et al. (2013) have shown that overexpression of auxin biosynthesis gene YUCCA1 
(YUC1) results in increased susceptibility to Pseudomonas syringae and bacterial colony 




effectors, secreted by P. syringae, that suppresses host immunity by promoting auxin 
production (Kazan and Manners, 2009). Evidence supporting the antagonist relationship 
between defense versus growth includes downregulation of genes involved in auxin 
response, transport, and auxin accumulation when plants are treated with the SA analog 
BTH (benzothiadiazole-s-methyl ester) (Wang et al., 2007).  
Changes in ambient temperature have also been implicated in the regulation of 
immune responses. Gain-of-function mutant snc1 (Suppressor of npr1-1, Constitutive 1) 
is dwarf at 22 C, but at 28 C the dwarf phenotype is suppressed and the plant appears 
normal (Alcázar and Parker, 2011; van Wersch et al., 2016). The classic autoimmune 
phenotypes are dwarfism and suppression of cell death at higher temperatures. Although 
many well-characterized autoimmune mutants possess all of these autoimmune 
phenotypes, some mutants display a subset of phenotypes or express them less severely. 
As an example, the snc1 mutant shows temperature dependent dwarfism, but not cell 
death (van Wersch et al., 2016). The chs2 (Chilling Sensitive 2) mutant is caused by a 
gain-of-function mutation in RPP4 (Recognition of Peronospora Parasitica 4) and is a 
well-studied TIR-NBS-LRR that displays autoimmunity at lower temperatures (16-18 C) 
that is suppressed at 22 C (Alcázar and Parker, 2011; van Wersch et al., 2016).  
Although temperature and auxin can independently suppress immunity there is 
evidence that supports crosstalk between the two conditions. For example, PIF4 
(Phytochrome-Interacting Factor 4) has been shown to play an important role in 
temperature regulation of auxin biosynthesis. At high temperatures, PIF4 induces auxin 




2017). Thus temperature suppression of immunity may be mediated by elevated auxin 
production. 
In conclusion, temperature regulation of immune responses in plants has been 
gaining traction since the revelation that climate change not only impacts orchestration of 
development in plants, but now has implications in plant defense.  
 
1.5 WRKY transcription factors  
The WRKY family of transcription factors (TFs) are defined by a conserved 60 amino 
acid domain with a consensus amino acid motif (WRKYGQK) at the N-termini and a C-
terminal zinc-finger-like domain (Chen et al., 2012). Almost exclusive to plants, WRKY 
TFs are one of the largest and well-studied families of TFs in the plant kingdom. WRKYs 
are primarily associated with regulating plant defense responses, but some members have 
also been shown to play a role in development, metabolism, and hormone signaling 
(Chen et al., 2012).  
 Different plant species contain unique numbers of WRKY genes. For example, 
there are 74 WRKY genes in Arabidopsis 
(https://www.arabidopsis.org/browse/genefamily/WRKY.jsp), while the rice genome 
contains over 100 WRKYs (Eulgem and Somssich, 2007; Ülker and Somssich, 2004). In 
Arabidopsis, there are three main groups of WRKYs classified according to the number 
of N-terminal WRKY domains and the unique features of C-terminal zinc-finger motif. 
Group I WRKYs contain two WRKY domains and a Cys2-His2 zinc-finger motif, group 




III contain one WRKY domain and a Cys2-His/Cys Cys2-His zinc-finger domain (Chen 
et al., 2012). WRKY TFs typically bind the consensus sequence TTGAC(C/T) belonging 
to the region of DNA known as the W-box. The W-box sequence is found in the 
promoter of many defense genes (Banerjee and Roychoudhury, 2015). Although WRKY 
TFs generally bind W-box cis-acting elements, they have also been reported to bind non-
W-box elements. Examples of Arabidopsis WRKY TFs that do not bind a W-box element 
include calmodulin (CaM)-binding WRKY7 and WRKY33 which binds abiotic stress 
response VQ-related motifs SIB1 and SIB2 (Sigma Factor Interacting Protein) (Chen et 
al., 2012; Phukan et al., 2016).  
 
1.5.1 WRKYs in biotic stress signaling  
Transcriptomic studies of Arabidopsis reveal dysregulation of WRKY genes in response 
to pathogen and SA treatment. Expression analysis of receptor-like kinase CRK45 
(Cysteine-rich Receptor-like Kinase protein 45) overexpression lines treated with P. 
syringae show upregulation of WRKY18, WRKY38, WRKY62, and WRKY70 (Zhang et al., 
2013). Furthermore, the upregulation of these WRKYs has been shown to coincide with 
the induction of SA marker and defense gene PR1 (Pathogen Related 1) (Zhang et al., 
2013). In another example, Arabidopsis AtNFXL1 is a negative regulator of SA-
dependent defense genes. atnfxl1mutants show upregulation of several WRKY 
transcription factors including WRKY75, WRKY53, WRKY48, WRKY25, and WRKY38 in 




Transcriptome analysis of various Arabidopsis WRKY genes has shown that 
many WRKY genes induced by pathogens were also induced by SA (Dong et al., 2003). 
For example, SA-dependent npr1 (non-expresser of PR1) mutants sprayed with 2 M SA 
showed a drastic reduction in WRKY18, WRKY38, WRKY51, WRKY60, and WRKY62 
demonstrating the dependence of WRKYs on SA activation of NPR1 defense signaling 
(Dong et al., 2003). The importance of WRKYs in defense signaling is evident in the 
evolution of bacterial effectors that specifically target WRKY domain containing 
proteins. An example of a protein that contains a targeted WRKY domain is RRS1. RRS1 
encodes an TIR-NBS-LRR with a WRKY domain targeted by bacterial effector PopP2. 
PopP2 targets RRS1 to acetylate the WRKY domain at the two lysines in the canonical 
WRKYGQK DNA binding domain (Jones et al., 2016).  
 
1.6 SA biosynthesis and signaling 
Salicylic acid (SA) is one of the most well-known plant hormones, likely because in 
humans the SA derivative acetylsalicylic acid is the highly valued anti-inflammation drug 
aspirin. In plants, SA plays a critical role as the signal that regulates the innate immune 
response. In addition to SA, jasmonic acid (JA) and ethylene (ET) are primary defense 
phytohormones that determine how a plant responds to pathogens. The balance of these 
three hormones integrate the specific responses to a variety of disease elicitors. In 
general, JA and ET respond to herbivory and/or necrotrophic attack, while SA is more 




(Boatwright and Pajerowska-Mukhtar, 2013; Droge-Laser et al., 2018; Pieterse et al., 
2012; Tsuda et al., 2009).  
 
1.6.1 Pathways for SA biosynthesis 
SA is a phenolic compound produced by the shikimate-phenylpropanoid pathway (Figure 
1.2) (Boatwright and Pajerowska-Mukhtar, 2013; Kazan and Lyons, 2014; Klessig, 2017; 
Kumar, 2014). The shikimate pathway intermediate chorismate follows one of two routes 
to SA: directly from chorismate or indirectly through phenylalanine metabolism via PAL 
(phenylalanine ammonia lyase) (Figure 1.2). While the direct pathway is the major 
contributor to SA production during pathogen infection, it is important to consider that 
the PAL pathway, although not fully understood in regard to its contribution to SA, is the 
major control point of phenylpropanoid biosynthesis (Figure 1.2).  
Phenylpropanoids are an important class of secondary metabolites and their 
synthesis is regulate by various biotic and abiotic stress elicitors (Vlot et al., 2009). In 
terms of SA production, PAL catalyzes the crucial first step of converting phenylalanine 
to cinnamic acid. Cinnamic acid is then either hydroxylated to ortho-coumaric acid or 
undergoes oxidation to produce benzoic acid, which is ultimately hydroxylated at the 
ortho position to produce SA (Boatwright and Pajerowska-Mukhtar, 2013). 
During pathogenesis, the majority of SA is synthesized directly from chorismate 
involving a two-step process that requires isochorismate biosynthesis catalyzed by 
ICS1/SID2 (Isochorismate Synthase 1/Salicylic Acid Induction Deficient 2), followed by 




In Arabidopsis, sid2-2 mutants have little-to-no SA accumulation and drastically reduced 
PR1 (Pathogen Related 1) gene expression (Wildermuth et al., 2001). Bacterial ICS is the 
rate-limiting step in SA production (Gaille et al., 2003). However in plants, IPL serves as 
the rate-limiting step for SA production during pathogen challenge (Verpoorte and 
Memelink, 2002). Additionally, ICS1 expression is highly regulated by NPR1 (Non-
expressor of Pathogen Related genes 1) and other defense response genes discussed in the 
later sections (Macaulay et al., 2017; Vlot et al., 2009).  
 
1.6.2 Regulation of SA Biosynthesis  
Because constitutive SA signaling negatively impacts plant health and fitness by 
prolonging innate immune responses and repressing growth (Wang et al., 2007), SA 
biosynthesis is highly regulated (Seyfferth and Tsuda, 2014). Transcriptional regulation 
of ICS1 is dependent on the influx of cytosolic Ca2+ which is controlled by both PTI and 
ETI activation during an immune response. Calcium ions bind calmodulin (CaM) to 
induce a cellular state known as the “Ca2+ signature”. This state regulates ICS1 
expression through the CaM transcription factors CBP60g (Calmodulin Binding Protein 
60g) and CBP60a (Calmodulin Binding Protein 60a). CaM binding to CBP60g and 
CPB60a induces or represses ICS1 expression, respectively (Schulz et al., 2013; Seyfferth 
and Tsuda, 2014). SARD1 (System Acquired Resistance Deficient 1), another positive 
regulator of ICS1, and CBP60g play similar roles in that they both induce ICS1 
expression. However, the two transcription factors differ in the temporal range for which 




expression during a defense response, CaM binding of CBP60a represses ICS1 
expression at early stages of P. syringae infection which helps to maintain a more 
localized defense response. SARD1 does not bind CaM and plays vital role in the 
induction of systemic acquired resistance (SAR), a long-term defense response seen 
throughout the plant (Maleck and Dietrich, 1999; Seyfferth and Tsuda, 2014; Wang et al., 
2011).  
Another SA regulatory component controlled by the Ca2+ signature is EDS1, 
which as described in section 1.3 and plays an integral role in ETI by mediating signaling 
from resistance proteins. EDS1 positively regulates many of the SA signaling and 
biosynthetic components because it lies upstream of ETI-regulated transcriptional 
changes. EDS1 upregulates transcription of binding partner PAD4 as well as the 
hypersensitive response (HR) indicators PBS3, ICS1, and CBP60g (Garcia et al., 2010; 
Lenzoni et al., 2018). In general, the Ca2+ regulation of EDS1 is complex because 4Ca2+-
CaM activates EDS1 transcription, while 4Ca2+- CaM-CAMT3 represses EDS1 
expression (Lenzoni et al., 2018). To date, it is unknown as to how EDS1 mechanistically 
signals between resistance proteins and subsequent transcriptional processes; nonetheless 
it is required for ETI.  
PBS3/ GH3.12 (AVRPphb Susceptible 3/GH3-like defense gene 1) also plays a 
critical role in SA regulation. pbs3 mutants are deficient in SA-glucoside accumulation 
and PR gene expression, demonstrating the importance of PBS3 in SA defense signaling 
pathways. PBS3 is predicted to function upstream of ICS1 and SA biosynthesis and PBS3 




protoplasts transfected with the 35S::WRKY46 overexpression construct (van Verk et al., 
2011a).  
To summarize, cytosolic Ca2+ concentration is an important component of SA 
regulation in both localized and systemic defense signaling. However, how these signals 
are coordinated to either active or repress ICS1 transcription still remains elusive.  
 
1.6.3 SA perception and signal transduction 
SA perception begins with a redox reaction mediated by thioredoxins (TRXs) that 
facilitate the oligomer-to-monomer transition of NPR1. Activation of the NPR1 monomer 
is defined by its translocation into the nucleus enabling the activation of defense gene 
expression (Boatwright and Pajerowska-Mukhtar, 2013; Droge-Laser et al., 2018; Tada et 
al., 2008). PR1 gene expression requires binding of SA at NPR1 Cys521/529 residues 
followed by the formation of a transcriptional complexes including basic (region) leucine 
zipper (bZIPs) transcription factors (TGAs) and activating WRKY transcription factors 
(Boatwright and Pajerowska-Mukhtar, 2013; Droge-Laser et al., 2018; Pajerowska-
Mukhtar et al., 2013). NPR1’s key role in the SA response is supported by the finding 
that approximately 95% of SA-dependent genes are regulated by NPR1 and that npr1 
mutants display enhanced susceptibility to pathogens (Boatwright and Pajerowska-
Mukhtar, 2013; Cao et al., 1994). NPR3 and NPR4 are also SA receptors; however, SA 
binding to NPR3/4 represses defense related gene expression (Boatwright and 





1.7 Hypersensitive response cell death triggered during biotrophic pathogen attack 
There are two types of programmed cell death pathways in plants. Like many other 
organisms, plants have a developmentally regulated programmed cell death. The second 
type of cell death, and the focus of this thesis, occurs in response to pathogen attack. This 
cell death is called pathogen triggered programmed cell death also known as the 
hypersensitive response. Activation of either process is uniquely regulated by specific 
plant hormones. Developmental PCD is regulated by hormones that include jasmonic 
acid, ethylene, auxin/IAA, and strigolactones (Huysmans et al., 2017). Pathogen triggered 
programmed cell death exclusively requires salicylic acid (SA) for activation. SA 
production is induced in response to biotrophic and hemibiotrophic pathogens. Biotrophic 
and hemibiotrophic pathogens require a viable host to infect, therefore occurrence of 
pathogen triggered programmed cell death promotes the limitation of growth and 
spreading of infection (Coll et al., 2014; Huysmans et al., 2017).  
Unlike animals, yeast, protozoans, and plants lack canonical caspases. Instead 
these organisms signal through metacaspases which are distantly related caspase-like 
homologs that were identified utilizing homology based searches. In Arabidopsis, AtMC1 
(A. thaliana Metacaspase 1) positively regulates hypersensitive response cell death 
(Figure 1.3) (Coll et al., 2011). To date, it is not well understood which pathway 
components are commonly shared between the two types of programmed cell death 





1.8 Roles of IAA in plants 
Indole-3-acetic acid (IAA) is a plant hormone that defines all aspects of plant growth and 
development. From leaf patterning down to root development, IAA regulation and 
biosynthesis has been studied since the 1930s and the complete story of IAA has yet to be 
elucidated (Mashiguchi et al., 2011). 
Apart from IAA’s crucial role in growth, recent studies have also implicated 
IAA in innate immunity. For example, overexpression of Arabidopsis IAA 
biosynthetic gene YUC1 suppressed the hypersensitive response (HR) normally 
triggered by a bacterial T3SS effectors (Mutka et al., 2013). As a result of this 
suppression of the hypersensitive response, these plants were more susceptible to 
Pseudomonas syringae infection (Mutka et al., 2013). As a key component of growth 
and defense, IAA has been in the research spotlight for nearly 100 years. While the 
IAA transport and signaling are well understood, IAA biosynthesis and its regulation are 
less characterized (Bender and Celenza 2009; Mano and Nemoto 2012). It has been well 
established that IAA could be derived from tryptophan in what is termed tryptophan-
dependent (Trp-D) IAA biosynthesis. Alternatively, IAA can also come from a non-Trp 
indolic precursor and these pathways are thus named tryptophan-independent (Trp-I) 





1.8.1 Trp-dependent IAA biosynthesis in A. thaliana 
Although there are two proposed routes for IAA biosynthesis in plants, only the Trp-D 
pathways are supported at both the biochemical and genetic level (Figure 1.4). A Trp-I 
route for IAA production has been inferred from labeling studies and phenotypic analyses 
(Pieck et al., 2015; Stepanova et al., 2008). 
There are three known Trp-D IAA biosynthetic pathways: (i) the indole-3-
acetamide (IAM) pathway; (ii) the indole-3-pyruvic acid (IPA/YUC) pathway; (iii) the 
indole-3- acetaldoxime (IAOx) pathway (Cheng et al. 2006; Won et al. 2011; Mano and 
Nemoto 2012) (Figure 1.3). The IAOx pathway is not considered to be a major 
contributor to IAA production in A. thaliana because loss-of-function mutants in IAOx 
biosynthesis have little to no developmental defects (Zhao et al., 2002).  
Although it is not clear whether all Trp-D pathways exist across the entire plant 
kingdom; the most conserved IAA Trp-D routes are the IPA and IAM pathways (Mano 
and Nemoto 2012). In addition, recent studies indicate that the IPA pathway is major 
source of IAA production across plants (Mano and Nemoto 2012). Trp is converted to 
IPA by TAA1 (Tryptophan Aminotransferase of Arabidopsis 1) gene. Loss of function 
mutations in TAA1 results in a dramatic decrease in IAA production demonstrating the 
importance of the IPA pathway (Mashiguchi et al. 2011). IPA is then converted to IAA 
by the YUC family of flavin monooxygenases. There are eleven genes that encode the 
YUC family in A. thaliana and differential expression of family members provides one 





1.8.2 Trp-independent IAA biosynthesis in A. thaliana 
As mentioned previously, no genes have been found to function in a Trp-I pathway(s) to 
IAA biosynthesis. Even though, no genetic evidence for Trp-I biosynthesis exists 
biochemical studies have shown that IAA can be produced by bypassing Trp. Most likely 
upstream Trp intermediates indole-3-glycerol phosphate (IGP) and/or indole are the 
precursors used as Trp-I intermediates for IAA biosynthesis (Mano and Nemoto, 2012; 
Pieck et al., 2015).  
Isotope feeding experiments performed by Pieck et al. (2015), showed that iss1-2 
(indole severe sensitive 1-2) mutants have elevated IAA biosynthesis via Trp-I 
pathway(s). Additionally, trp3-1 and trp2-1, which are defective in Trp synthase α and β 
subunits respectively, are still able to accumulate IAA conjugates. This suggests that Trp-
D defective mutants could provide clues for a Trp-I route to IAA (Woodward and Bartel 
2005). In addition, Celenza et al. (1995), characterized the alf3-1 (aberrant lateral root 
formation 3-1) mutant that was reported to be rescued by IAA and indole (IAA 
precursor), but not Trp, suggesting that the indole rescue was via a Trp-I pathway.  
 
1.8.3 Auxin signaling in development 
Coordination of plant growth and development is regulated by the auxin transport 
proteins AUX1 (Auxin Resistance 1) and the PIN family (Hayashi 2012). AUX1 (IAA 
influx transporter) and the PIN family (IAA efflux transporter) are instrumental in the 




plant development through transcriptional regulation of repressor Aux/IAA proteins 
(Hayashi 2012).  
In A. thaliana, TIR1 (Transport Inhibitor Response 1) and other related auxin 
receptor F-Box (AFB) proteins are involved in targeting IAA response proteins for 
degradation (Woodward and Bartel 2005; Schetiz et al. 2013). (Note that TIR1 should not 
be confused with the previously discussed TIR domain proteins.) At low IAA levels, IAA 
response proteins form a complex with auxin response factors (ARFs) to repress 
transcription of auxin response genes (Woodward and Bartel 2005). In the presence of 
IAA, ARFs are derepressed and transcription of auxin response genes is activated 
(Woodward and Bartel 2005).  
 
1.9 Trp derived secondary defense metabolites 
Chorismate is the branch point intermediate in aromatic amino acid synthesis of 
phenylalanine (Phe), tyrosine (Tyr), and tryptophan (Trp) (Figure 1.4) (Herrmann 1995). 
Production of chorismate, known as the Shikimate pathway, is a seven-step enzymatic 
process that links carbohydrate metabolism to aromatic compound biosynthesis 
(Herrmann 1999). Aromatic amino acid biosynthesis from chorismate is exclusive to 
bacteria, fungi, and plants; therefore, animals cannot make their own Phe and Trp and 
must acquire these amino acids through their diet (Herrmann 1995). The reason as to why 
Tyr is not considered as an essential amino acid is because it can be synthesized from 




Bacteria utilize the bulk of their amino acids to make proteins. In contrast, in 
plants, secondary metabolites are an additional sink for amino acids (Herrmann 1995; 
Minami 2013). The bioactivity of plant secondary metabolites ranges from plant growth 
and development (Tanaka and Takahashi 2013; Celenza et al. 2005). Since the common 
intermediate between Trp and Phe/Tyr primary pathways is chorismate, changes in 
metabolic flux between the two aromatic amino acid branches has been observed to 
impact secondary metabolite production (Bender and Celenza 2009).  
 
1.9.1 Indole glucosinolate (IG) production in Arabidopsis 
Trp derived indole-3-acetaldoxime (IAOx) is a branch point intermediate between indole 
glucosinolate and camalexin biosynthesis (Bender and Celenza 2009; Celenza et al. 2005) 
(Figure 1). Glucosinolates are a class of phytoanticipans produced to fend against 
herbivore attack (Grubb and Abel 2006; Bender and Celenza 2009). In addition, 
glucosinolates are recognized for their flavor and aromatic properties found in 
cruciferous vegetables such as broccoli, kale and cauliflower (Grubb and Abel 2006). In 
general, glucosinolates are a diverse category of sulfur- and nitrogen-containing 
metabolites specific to the Brassicaceae family, including A. thaliana (Grubb and Abel 
2006; Bender and Celenza 2009). Because glucosinolates are constitutively produced and 
stored, they allow for a primed response to wounding upon herbivory (Grubb and Abel 
2006). Stored glucosinolates are activated by a de-glycosylation step involving 
myrosinase and resulting in active nitrile, isothiocyanate, and thiocyanate compounds 




There are three categories of glucosinolates, but this proposal will mainly focus 
on Trp derived indole glucosinolates (IGs). The main pathway for IG production starts 
with the conversion of Trp to IAOx by the cytochrome P450 monooxygenases CYP79B2 
and CYP79B3 (Celenza et al. 2005). CYP79B2 and CYP79B3 are redundant enzymes 
and as such loss-of-function of either enzyme has little to no effect on IG production. 
cyp79B2 cyp79B3 double mutants are completely deficient in IGs. Since camalexin 
production is also downstream of IAOx, cyp79B2 cyp79B3double mutants are also 
deficient in camalexin (Bender and Celenza 2009) (Figure 1.3).  
 
1.9.2 Camalexin biosynthesis 
Camalexin, a major phytoalexin in Arabidopsis, is an antimicrobial compound 
synthesized and accumulated by plants in response to microorganismal exposure 
(Moldrup et al. 2013). Unlike IGs, camalexin production requires induction pathogens or 
abiotic stresses such as silver nitrate (Bender and Celenza 2009; Moldrup et al. 2013). 
Camalexin production involves conversion of IAOx to indole-3-acetonitrile (IAN) by 
CYP71A13. In a two-step process IAN is then converted to camalexin via CYP71B15 
(Figure 1.3) (Ahuja et al., 2012).   
 
1.9.3 Phe-derived metabolites 
Phenylalanine (Phe) derived secondary metabolites belong to a family of compounds 
known as the phenylpropanoids. While IG and CAM have specific roles in plant defense, 




stressors (Vogt 2010). The two main categories of phenylpropanoids include flavonoids 
and monolignols (Vogt 2010; Feng et al. 2012). Monolignols are precursors for coniferin, 
which is highly important for cell wall structural support, particularly of xylem cells 
(Vogt 2010). Flavonoids include anti-oxidants and pigment molecules typically involved 
in UV protection (Vogt 2010). Although production of all secondary metabolites is a 
crucial aspect of plant defense, mutants deficient in one pathway have augmented 
activities of the other pathways (Bender and Celenza 2009). A well-established 
phenomenon observed not only in plants, but bacteria and yeast as well, is that high 
amounts of Trp cause a reduction in Trp synthesis via negative feedback inhibition of 
anthranilate synthase (AS) and consequently upregulate Phe and Tyr production 
(Radwanski and Last 1995; Smolen and Bender 2002; Bender and Celenza 2009). It is 
also known that a point of regulation for Phe and Tyr synthesis is negative feedback 
inhibition of chorismate mutase (CM) (Eberhard et al. 1996). 
 
1.10 The alf3-1 mutant and thesis rationale 
First characterized by Celenza et al. (1995), alf3-1 was identified in an ethyl 
methanesulfonate (EMS) mutant screen targeting mutants that had auxin dependent 
abnormal root phenotypes. The initial goal of the study was to better understand the role 
that auxin plays in root development. alf3-1 was selected because it has an interesting 
root phenotype that appeared to have cell death that was rescued by auxin and indole 
(auxin precursor) treatment. Surprisingly, Trp did not rescue alf3-1 suggesting that the 




alf3-1 plants are defective in their ability to form fully developed lateral roots. 
alf3-1 mutants initially form a normal primary root primordium however, soon this 
structure is littered with arrested lateral root primordia. A propidium iodide assay for 
dead cells confirmed that the clusters of arrested lateral root primordia in alf3-1 plants are 
not viable (Figure 1.5). Additionally, alf3-1 mutants initiate more lateral roots and many 
times lie close to or on top of an existing arrested lateral root, a phenotype not seen in 
wild-type roots. The increased amount of lateral root primordia in alf3-1 mutants 
suggests that initiation cues for development are normal but maturation is stunted due to 
an early onset of cell death.  
When grown on unsupplemented medium, the aerial portion of the alf3-1 mutant 
is sickly, likely due to the dying root system. The leaves generally remain small and the 
whole plant is miniature in stature. Consequently, the alf3-1 plants produce little seed 
progeny and are extremely difficult to propagate.  
alf3-1 mutants grown on auxin-supplemented medium appear similar to wildtype 
plants grown on the same medium. Because auxin has additional effects on root growth, 
the auxin precursor indole was tried instead. It was found that medium supplemented 
with 40-80 µM indole produced healthy plants nearly indiscernible from Ws-2 wildtype 
plants. In addition, lateral roots that are indistinguishable from Ws-2 emerge when alf3-1 
plants are shifted from unsupplemented medium to supplemented medium containing 40-
80 µM indole (Figure 1.6). Conversely, when alf3-1 plants are transferred from indole-
supplemented to unsupplemented medium all lateral root formation and growth arrested 




mutants to develop and maintain WT lateral roots. Subsequent to this published work, we 
found that growth at 29oC also suppresses the alf3-1 mutant phenotype.  
Celenza et al. (1995) genetically mapped alf3-1 to a 5 kb region of chromosome 
5; however finer mapping of the ALF3 gene product failed due to the incomplete 
dominant behavior of alf3-1 mutant as well as varied expressivity in the outcrosses used 
for mapping. Because map-based cloning was unsuccessful, a suppressor screen was 
done and revealed a mutant biochemically involved in aromatic amino acid metabolism. 
iss1-2 (Indole Severe Sensitive 1-2) was originally isolated as a suppressor of alf3-1, and 
ISS1/VAS1 was found to encode an aromatic amino acid aminotransferase (AroAT) 
(Pieck et al., 2015; Zheng et al., 2013). Genetic and biochemical studies showed that the 
iss1-2 mutants had greater use of Trp-I pathway when supplemented with indole 
suggesting a mechanism for suppression of alf3-1.  
Herein, I focus on describing how a candidate gene responsible for alf3-1 root 
phenotype was obtained. In Chapter 3, I provide data that supports ALF3’s role in innate 
immunity through phenotypic assessment of the mutant phenotype and chemical analysis. 
Chapter 4 describes whole genome resequencing of alf3-1 mutants and identifies 
At5g44910 as a candidate for ALF3. Chapter 4 also describes RNA-seq analyses used to 
identify transcriptomic changes found between unrescued alf3-1 and conditions that 
suppress the mutant phenotype. The data lead to a model in which the alf3-1 mutant is a 
gain-of-function mutation in a TX-encoding gene and this mutation results in an 










Gene # in 
Col-0 Abbreviation Reference
55 CNL Meyers et al., 2003 
94 TNL Meyers et al., 2003
21 TN Meyers et al., 2002 
Nandety et al., 2013 


















Figure 1.1 Resistance protein classes and innate immune signaling.  
 (A) PTI and ETI signaling pathways in plant cells. ETI is triggered by activation of 
resistance protein RPP1. RPP1 perceives ATR12 effector (yellow circles) secreted by 
Peronospora parasitica and signals through EDS1 to activate ETI defense pathway. (B) 
Schematic of resistance proteins. Domains of each protein are labeled and also separated 
by shape. The number of genes that encodes each type in Arabidopsis Col-0 is listed in 
the first column and the references from which the information was obtained is listed in 



















































Figure 1.2 Pathways for SA biosynthesis.   
Two pathways for SA biosynthesis in plants are either directly through ICS/SID2 or 
indirectly via PAL conversion of Phe to t-CA. Selected enzymes are shown and are 
abbreviated as follows: ICS isochorismate synthase, IPL isochorismate pyruvate lyase, 
CM chorismate mutase, PAL phenylalanine ammonia-lyase, AAO aldehyde oxidase, 
BA2H benzoic acid 2-hydroxylase. Enzymes that have not been definitively identified to 












Figure 1.3 HR cell death in plants 
Cell death activation in response to infection. Activation of ETI-responsive resistance 
proteins (NB-LRR) in turn activates metacaspase-1 (yellow box). Arabidopsis 
metacaspase-1 is a positive regulator of cell death. Plant specific cell death phenotypes 
include: chromatin condensation, chloroplast disruption, cytoplasmic shrinkage, reactive 













Figure 1.4 Tryptophan-derived auxin and secondary defense compounds.   
(A) Trp biosynthetic pathway; IGP, indole-3-glycerolphosphate; TSA1, tryptophan 
synthase alpha-1; TSB1, tryptophan synthase beta-1. (B) IPA/YUC Branch; TAA1, 
tryptophan aminotransferase of Arabidopsis-1; TAR1; (taa1*) (asterisk represents 
multiple mutant alleles: sav3, wei8, tir2, and ckrc1) TAA1-Related-1 and TAA1-Related-
2; IPA, indole-3-pyruvic acid; YUC1-YUC11, YUCCA1-YUCCA11; (yuc*) (asterisk 
represents multiple yuc mutants: yuc1, yuc1-D, yuc2, yuc3, yuc4, yuc5, yuc6, yuc6-1D, 
yuc6-2D, yuc7, yuc8, yuc9, yuc10. (C) IAOx Branch; CYP79B2, cytochrome P450 
(79B2); CYP79B3, cytochrome P450 (79B3); IAOx, indole-3-acetaldoxime; IG, indole-
3-glucosinolate; CAM, camalexin; IAN, indole-3-acetonitrile; NIT1-3, nitrilase 1-3; 
IAM, indole-3 acetamide; AMI1, indole-3-acetamide hydrolase-1. (D) Trp-independent 
(Trp-I) Branch with IGP or indole as the starting substrate. Dashed lines indicate an 

















Figure 1.5 alf3-1 roots die without indole supplementation.  
Left and right panels show plants stained with fluorescein diacetate (FDA) (green) and 
propidium iodide (red) visualized with a confocal microscope. In viable cells esterases 
will cleave the diacetate moiety of FDA. Propidium iodide penetrates cell wall barriers 
and stains non-viable cells. Left panel shows a focused image of the primary root 
meristem (a,c, and e). Right panel shows a close up image of the lateral root primordium 
(b, d, and f). Top row are Ws-2 plants grown on unsupplemented medium (a and b). 
Middle row are unsupplemented alf3-1 mutants (c and d). Bottom row shows alf3-1 














Figure 1.6 Time course experiment of indole rescue of alf3-1 mutants. 
All plants were photographed at 5, 9, and 15 days after germination (DAG), indicated on 
the left vertical axis. Left panel of images shows alf3-1 mutants grown on 
unsupplemented medium. Right panel shows alf3-1 mutant that have been shifted to 80 
μM indole for days 5-9. Shifted alf3-1 mutants were photographed on the first day of 
shift (day 5, panel b), the last day of the shift (day 9, panel d), and six days after being 
shifted to unsupplemented medium (day 15, panel f).  Rescue of lateral roots is indicated 
by the arrow in panel d. Arrested lateral root primordial indicated by arrow in the bottom 





CHAPTER 2: MATERIAL AND METHODS 
 
2.1 Chemical reagents 
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise 
specified. Components for bacterial medium were obtained from United States Biological 
(Swampscott, MA). All enzymes were purchased from New England Biolabs (Ipswich, 
MA) with the exception of the Taq polymerase used for analytical work, which was by 
the Celenza lab.   
 
2.2 Seed sterilization and plant medium  
For all experiments, seeds were sterilized in a liquid solution containing 30% bleach 
(Clorox, Oakland, CA) with 0.02% Triton-X 100 for 20 min. Sterilization solution was 
aspirated and the seeds were washed 5X with sterile water and finally resuspended with 1 
ml of 0.1% agar. Post sterilization, seeds were incubated at 4°C for 2-3 days before 
plating. Seeds were grown in either liquid wells or solid plates containing plant nutrient 
medium containing 0.5% sucrose added (PNS) (Haughn and Somerville, 1986). To make 
solid plates, agar was combined with PNS at a final concentration of 0.6% agar. To make 
liquid solution PNS, water was added to 2X PNS stock and filter sterilized. Unless 
specified otherwise, the plants were grown at 22°C under constant light using a low pass 
filter at a light intensity between 20-40 E m-2s-2. Depending on the experiment, different 





2.3 Quantification of selected plant metabolites 
2.3.1 Camalexin extraction and quantification 
For quantification of camalexin, alf3-1 and Ws-2 plants were grown in 12-well plates 
with 5 ml liquid PNS or liquid PNS plus 80 M indole for 14 days. After growth 
incubation, the medium was completely removed and replaced with 2 ml of fresh PNS 
containing 0.1 mM AgNO3 for induction of camalexin. The plates were placed back into 
the growth incubator for 3 days. Camalexin was extracted from tissue and quantified as 
described in (Zook and Hammerschmidt, 1997) and summarized below. 
100-150 mg of tissue was collected into a pre-chilled 1.5 ml microfuge tube and 
placed on dry ice. Once all of the samples were collected and chilled for a minimum of 5 
min, the tissue was pulverized to a fine powder with a pestle. To each tube, 500 l of 
80% MeOH was added and the samples were capped and incubated in an 80°C water 
bath for 15-20 min. Samples were centrifuged at full speed for one min followed by 
transferring of the supernatant into a new microfuge tube. The remaining tissue was 
extracted again with 500 l of 80% MeOH and the supernatants from both extractions 
were combined. The MeOH extract was evaporated down to 500 µl then extracted with 
500 µl of chloroform. The chloroform phase was collected into a newly labeled tube. The 
MeOH phase was re-extracted with 200 µl of chloroform and the chloroform phases were 
combined. The crude extract was lyophilized and resuspended in 300 µl of 100% HPLC 
grade MeOH. The samples were incubated at 37°C for 10 min, vortexed and prepared for 





100 l was transferred into a 150 l spring loaded glass insert (Waters, Milford, 
MA) that was fitted into a 12 X 32 mm glass screw neck vial (Waters, Milford, MA). The 
samples were capped with a PTFE/silicone septa cap, also obtained from Waters Corp. 
The vials containing the samples were placed into a 48-well tray that was loaded onto an 
autosampler deck. 50 l of sample was autoinjected into a Waters 2795 HPLC fitted with 
a reverse phase C-18 Luna 5 M, 4.6 x 250 mm column and matching guard column 
(Phenomenex, Torrance, CA). Samples were run over a gradient of 60%-100% methanol 
over 14 min. The eluent was monitored by diode array detection between 210 and 400 nm 
(2 nm interval). Camalexin was identified by comparison of retention time and UV 
absorbance at 318 nm to authentic camalexin (AfferChem  Inc., New Brunswick, NJ). 
 
2.3.2 Indolic glucosinolate quantification 
Plants were grown as for camalexin quantification except without AgNO3 treatment and 
0.6% agar-solidified media was used instead of liquid medium. Approximately 50-100 
mg of weighed tissue was transferred into a 1.5 ml microfuge tube containing 1 ml of 
100% HPLC grade MeOH. Samples were incubated for 15 min at room temperature 
followed by centrifugation at 16,000 x g for 10 min. Approximately 800 l of supernatant 
was collected into a newly labeled 1.5 ml microfuge tube that contained 200 µl of DEAE 
Sephadex A25 beads (Sigma, St. Louis, MO) that had been pre-swelled in dH2O for at 
least 2 h ahead of time. The beads were rinsed once with fresh water before use. Samples 
plus beads were incubated at room temperature for 15 min then immediately centrifuged 




washed twice by resuspension in 1 ml of dH2O followed by centrifugation at 16,000 x g 
for 1 min. After the final wash, 200 µl of aryl sulfatase (4 mg/ml) was added to resuspend 
the pellet. The samples were incubated overnight in dark.  
After an overnight incubation, samples were centrifuged at 16,000 x g for 1 min 
and approximately 200 µl of the supernatant was transferred to a new 1.5 ml microfuge 
tube. To further elute desulfoglucosinolates 500 µl of 60% HPLC grade MeOH was 
added to the pellet and incubated at room temperature for 10 min. The samples were 
centrifuged at 16000 x g and the supernatants were combined. The samples were 
lyophilized and resuspended in 300 µl of dH2O. The resuspended samples were filtered 
through a 0.22 µM PVDF syringe filter (Thermo Fisher, Waltham, MA). At this point the 
samples were either analyzed by HPLC or stored at -20°C. Samples were prepared for 
HPLC analysis as for camalexin after which desulfoglucosinolates were identified by 
comparing the retention time and UV spectra to purified standards and quantified at 229 
nm relative to a sinigrin standard (Brown et al., 2003).  
 
2.3.3 Phenylpropanoid quantification 
Plants were grown as for camalexin quantification except without AgNO3 treatment and 
0.6% agar-solidified media was used instead of liquid medium. For UV-B treatment, 
plants were incubated at room temperature for 24 h with a UV-B light intensity between 
0.8-1.2 E m-2 s-2. Seedlings were carefully removed from the agar plates with tweezers 
and approximately 50-100 mg of tissue was weighed. Tissue was then transferred into a 




ice for 5-10 min. Once the tissue was fully frozen a pre-chilled pestle was used to 
pulverize the plant material. 1 ml of 70% HPLC grade MeOH was added to each tube 
followed by a 1 min vortex. Samples were kept at room temperature for 15 min and then 
centrifuged at 16,000 x g for 5 min. The supernatant form the samples was collected into 
a 13 x 10 mm disposable borosilicate glass culture tube (VWR International, Radnor, 
PA). The tissue was re-extracted with 500 µl of 70% MeOH and after vortexing for 1 min 
and centrifugation at 16,000 x g for 5 min, the supernatant was pooled with the first 
extraction. The pellet was extracted for a third time with 100% HPLC grade MeOH 
following the previously described steps after which the supernatant was pooled with the 
first two extracts. The tubes were covered with a small piece of parafilm and a hole was 
punctured through the top. The samples were lyophilized and the dry residue was 
resuspended in 500 µl of 100% HPLC grade MeOH and prepared for HPLC as for 
camalexin. Phenylpropanoids were quantified as described in Pieck et al. (2015). 
 
2.3.4 Salicylic acid quantification 
Plants were grown as for camalexin quantification except without AgNO3 treatment and 
0.6% agar-solidified media was used instead of liquid medium. SA was quantified using 
a previously published protocol (Nobuta et al., 2007), briefly described below. Plants 
were carefully harvested with tweezers and 200-500 mg of tissue was collected. The 
tissue was transferred to a prechilled mortar and pestle, frozen, and crushed in liquid 
nitrogen. The frozen powder was transferred to a glass 15 ml glass centrifuge tube that 




tubes were capped. Samples were placed on ice and 8 l of 1 mg o-anisic acid/ml MeOH 
stock was added to each sample as an internal standard. The samples were gently 
vortexed and placed in a water bath sonicator for 20 min at room temperature. The 
sample was always submerged below water line in the water bath.  
The tubes were then centrifuged at 5000 RPM at 4°C for 15 min in a Beckman 
Allegra 6R table top centrifuge. Each supernatant was transferred into a new test tube, 
covered with a cap, and kept on ice. The tissue pellet was extracted for a second time 
following the steps described above, except 2 ml of 90% MeOH was used instead. The 
two supernatant fractions were pooled, capped, and vortexed. A disposable glass Pasteur 
pipet was used to equally split the supernatant into two new glass tubes.  
The samples were placed in a house vacuum and the trap of the vacuum was filled 
with dry ice. The samples were vacuumed between 45-60 min after which the samples 
were slowly and carefully brought down to normal pressure. The samples were allowed 
to equilibrate for 10-15 min. For vacuum steps, samples were covered in a black plastic 
bag to protect them from light. At this point the two identical tubes of samples were 
separated into free SA extract and total SA extract. The free SA tube directly proceeded 
to SA extraction described two paragraphs later, while the total SA tube involved extra 
steps before SA extraction described in the following section. The final SA extraction 
was identical for both samples described at the end.  
To the total SA tube 500 l of -glucosidase stock (80 l/ml in 100 mM NaOAc 
(pH 5.2) was added and the light sensitive solution was covered with foil. The tubes were 




covered samples were incubated in a 37°C water bath for 90 min. These samples were 
then processed for SA extraction as described in the next paragraph.  
To the free SA and total SA tube(s), 2.5 ml of 5% TCA was added and the 
samples were vortexed followed by a 5 min sonication. The samples were centrifuged at 
4°C at 5000 rpm for 15 min. The supernatant was transferred into a clean glass tube. In a 
hood, 2.5 ml (1:1) ethylacetate:cyclopentane was added and the samples were vortexed. 
The samples were centrifuged for 1 min and the upper phase was transferred into a new 
glass tube. The lower phase was back-extracted with 2.5 ml (1:1) 
ethylacetate:cyclopentane and the two upper phases were combined and vacuum dried. 
The samples were dried for approximately 12 h.  
HPLC analysis conditions were as described in Nobuta et al. (2007) using a 
Synergi 4 μm Fusion-RP 80 (150 mm X 4.6 mm) column and matching guard column 
(Phenomenex, Torrance, CA). Because of inconsistencies in the analysis free SA, only 
total SA was analyzed and was quantified using an SA standard curve as described 
previously (Nobuta et al., 2007).  
 
2.3.5 Anthocyanin quantification 
Plants were grown as for camalexin quantification except without AgNO3 treatment and 
0.6% agar-solidified medium was used instead of liquid medium. For UV-B treatment, 
plants were incubated at room temperature for 24 h with a UV-B light intensity between 
0.8-1.2 E m-2 s-1. Anthocyanin quantification was performed according to (Nakata and 




with tweezers and the fresh tissue weight was recorded. The plants were then quickly 
placed into a mortar containing liquid nitrogen and once the liquid nitrogen had 
evaporated the seedlings were ground into a fine powder. The powder transferred into a 
newly labeled 1.5 ml microfuge tube to which 5 times the volume of extraction buffer 
(45% MeOH and 5% acetic acid) was added. The samples were vortexed for 
approximately 1 min and centrifuged at 12000 x g for 5 min in ambient temperature. The 
supernatant was transferred into a newly labeled tube and again centrifuged at 12000 x g 
for 5 min in ambient temperature. The final supernatant layer was transferred into a new 
tube. Anthocyanins were measured using a spectrophotometer and the O.D. at 530 and 
637 nm absorbance was recorded. Calculation of relative anthocyanin content was as 
follows:  
𝑨𝒃𝒔𝟓𝟑𝟎 𝐅𝐖⁄
[𝑨𝒃𝒔𝟓𝟑𝟎 − (𝟎. 𝟐𝟓 × 𝑨𝒃𝒔𝟔𝟑𝟕)] × 𝐯𝐨𝐥. 𝐨𝐟 𝐞𝐱𝐭𝐫𝐚𝐜𝐭𝐞𝐝 𝐛𝐮𝐟𝐟𝐞𝐫
 
 
where Abs is absorbance and FW is fresh tissue weight in units of grams. 
 
2.4 Crude DNA extraction from Arabidopsis 
Leaf boils were performed as described in (Celenza et al., 1995). Either a single two 
week old seedling or 1-2 leaf pieces from older plants was carefully removed and placed 
into a 1.5 ml microfuge tube. The tube was place on dry ice. After all samples were 
collected and allowed to fully freeze the tissue was ground with a small pre-chilled 




added. The samples were removed from dry ice and allowed to thaw at room temperature 
for a few minutes while being flicked a few times to ensure that the leaf pieces were fully 
submerged in the NaOH solution. Samples were placed in a speed vacuum for 1 min with 
lids open followed by a brief centrifugation with the lids closed. Finally the samples were 
placed in 100°C boiling water for 30 sec and 100 l of 0.2 M Tris (pH 8.0), 1 mM EDTA 
was added.  
 
2.5 DNA extraction for whole genome sequencing 
DNA from plant tissues was extracted using the DNeasy® Plant Mini Kit (Qiagen, 
Hilden, Germany) according to the manufacturer’s instructions. For DNA extractions, 
plant were grown for 14 days on solid PNS medium. Plants were carefully removed from 
the agar with tweezers and approximate 100 mg of tissue was freeze-dried in a pre-chilled 
mortar with liquid nitrogen. Once the liquid nitrogen evaporated a pre-chilled pestle was 
used to pulverize the plant tissue that was scraped into a 1.5 ml microfuge tube with pre-
aliquoted API buffer provided in the kit. Samples were sent for DNA library preparation 
and sequencing with TUCF Genomics (http://tucf-genomics.tufts.edu/). 
 
2.6 Whole genome sequencing analysis  
Because the Ws-2 accession is not well annotated the DNA samples were sequenced 
using 100 base paired-end reads to obtain more accurate sequencing. Sequences were 
analyzed on the DNAnexus platform (DNAnexus.com). First, sequences were trimmed 




Col-0 genome using the Burrows-Wheeler Aligner app. Sequences differences between 
Ws-2 (WT) and alf3-1 genotypes were identified manually by comparing the sequences 
in the region on Chromosome 5 between Col-0 coordinates bp 17835800-18390420, 
which define the alf3-1 mapping interval (Celenza et al., 1995). In addition, sequence 
differences were identified and confirmed independently using the GATK 
UnifiedGenotyper app. 
 
2.7 RNA extraction 
RNA from plant tissues was extracted using the RNeasy® Plant Mini Kit (Qiagen, 
Hilden, Germany) according to the manufacturer’s instructions. For RNA extraction, 
plants were grown on plates for 21 days unless otherwise specified. Conditions and 
temperatures for all experiments using extracted RNAs are detailed in Table 2.2. Plants 
were carefully removed from the agar with tweezers and approximately 100 mg of tissue 
was freeze dried in a pre-chilled mortar with liquid nitrogen. Once the liquid nitrogen 
evaporated a pre-chilled pestle was used to pulverize the plant tissue into a fine powder 
that was scraped into a 1.5 ml microfuge tube with pre-aliquoted RLT + ME buffer from 
the Qiagen RNeasy Plant mini kit. RNA samples were analyzed on a Nanodrop to 
determine OD 260/280 and OD 260/230 before for RT-qPCR or RNA-seq. For qPCR 
analysis cDNA synthesis was performed described in the cDNA synthesis section. RNAs 
destined for RNA-library prep were bioanalyzed at the BU Microarray Core before RNA-





2.8 RNA-seq library prep 
RNA-seq libraries were prepared according to manufacturer’s instructions using the 
NEBNextUltra RNA library prep kit for Illumina kit along with the NEBNext Poly(A) 
mRNA Magnetic Isolation Module, and NEBNext Multiplex Oligo for Illumina (index 
primer sets 1 and 2) a (cat no. E7530S, E7490, E7335S, and E7500S; New England 
Biolabs, Ipswich, MA). Poly-A RNAs were isolated using 200 ng of total RNA following 
manufacturer’s instructions. Additionally Agencourt Ampure XP magnetic beads (cat no. 
A63880) and a 96-well magnetic rack were used for preparation of libraries. Libraries 
were bioanalyzed and sequenced at the BU Microarray Core on an Illumina NextSeq500 
DNA sequencer.  
 
2.9 Temperature shift 
For temperature shift experiments all plants were initially grown at 29C under constant 
light using a low pass filter at a light intensity between 20-40 E m-2s-2 for 10 days. High 
temperature grown plants were shifted from 29°C to 21°C in the same light conditions 
detailed above for a total of 48h. 0h and 24h plants were left in the 29C until their shift 
time point, all plants were harvested at the same time for RNA extraction.  
 
2.10 Real-time quantitative PCR (RT-qPCR) 
Preparation of cDNA from RNA was performed using TaqMan™ Reverse Transcription 
kit (cat. no N8080234; Applied Biosystems, Foster City, CA). Based on Nanodrop 




17.4 l and placed on ice while the reagent cocktail was mixed. The reagent cocktail 
consisted of 5l of 10X real time (RT) buffer , 11 l of 25 mM MgCl2, 10 l deoxyNTP 
mixture, 2.5 l random hexamers, 1l RNase inhibitor (cat. no N8080119), and 3.125 l 
Multiscribe Reverse Transcriptase (Applied Biosystems, Foster City, CA). The cocktail 
was mixed by pipetting up and down and added to the diluted RNA sample to total 50 l. 
The reaction was mixed by pipetting up and down and placed in a thermocycler. 
Thermocycler conditions were as follows: Step1 (25°C for 10 min), Step 2 (37°C for 60 
min), and Step 3 (95°C for 5 min). Samples were stored at -20°C.  
To perform an RT-qPCR reaction, stored cDNA samples were thawed on ice, 
vortexed, and diluted to 1 part cDNA to 5 parts water. Power™ SYBR Green PCR 
Master Mix (cat. no 4367660; Applied Biosystems, Foster City, CA) was diluted to 1X 
with 2 M forward primer, 2 M reverse primer, and dH2O (Table 2.3). Each condition 
and genotype had three biological replicates and each biological replicate had three 
technical triplicates. The reactions were performed on an ABI Prism 7900HT Sequence 
Detection System (Applied Biosystems) using 40 cycles of the following conditions: 
94°C for 15 sec and 60°C for 1 min. Cycle threshold (Ct) for each sample was normalized 
to PP2AA3 and the 2-CT was calculated (Schmittgen and Livak, 2008). 
 
2.11 Agrobacterium-mediated Arabidopsis transformation 
Transformations of recombinant plasmids into Arabidopsis was achieved by performing 




(GV3101) cultured with kanamycin and gentamicin selective antibiotics (Table 2.1) was 
grown at 25°C for 3 days under gentle shaking. The cells were centrifuged at 4700 rpm in 
a Sorvall SA-3000 centrifuge at room temperature for 30 min. The supernatant was 
decanted and the cells were resuspended in 900 ml of transformation buffer (5% sucrose 
and 0.05% Silwet-L77 [Lehle Seeds, Round Rock TX]). The flowers were submerged in 
the bacterial suspension for approximately 3 sec and placed gently on a growth tray that 
was covered with a clear plastic dome. The dome covered tray was placed under growth 
lights for 24 h after which the dome was removed and the pots were turned up-right. The 
plants were re-dipped after 5 days as described above. Fully matured seeds were 
harvested and sterilized to be plated for screening.  Sterilized seeds were plated in bulk 
onto large PNS plates (without sucrose) with selective antibiotic kanamycin (Table 2.1). 
To plate the seeds in bulk, approximately 1000 seeds were sterilized and poured onto the 
plate surface and 10 mls of 0.1% molten agar (45°C) was added. The plate was gently 
swirled in a circular motion to help distribute the seeds evenly. The plates were allowed 
to cool after which sealed with 3M micropore tape (Thermo Fisher, Waltham, MA). The 
plates were placed in a growth incubator under normal light conditions at 22°C.  
Seedlings resistant to antibiotic selection after 10-14 days of growth were picked for 
propagation. The individual transgenic lines were propagated for several generations 





2.12 Genomic clone assembly 
DNA from Ws-2 and alf3-1 genomes were isolated using the DNeasy® Plant Mini Kit 
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. NEB Q5® High-
Fidelity 2X master mix was used to amplify the genomic At5g44910 region according to 
manufacturer’s instructions. Primers were designed to target the entire genomic region of 
At5g44910 gene including the 5’ UTR, native promoter, coding region, and the 3’UTR. 
The left primer started at the first base after the 3’UTR of the gene to the left and the 
right primer terminated at the last base before the next gene (Figure 2.1). The purified 
genomic region was subcloned into pBlueScript II KS+ vector and transformed into 
DH5 cells selecting for ampicillin resistance (Table 2.1). pBlueScript II KS+ containing 
the insert was sequenced using the T3 and T7 pBlueScript primers. Correct inserts were 
then subcloned into pPZP212 for plant transformation (Hajdukiewicz et al., 1994). 
pPZP212 is selected using spectinomycin in bacteria and kanamycin in plants (Table 2.1). 
 
2.13 Plasmid isolation from bacteria 
All plasmid isolations were performed either with an alkaline mini prep procedure 
(described in the section to follow) or by using the Promega Wizard Plus SV Minipreps 
DNA purification system according to manufacturer’s instruction. Wizard preps were 
used when plasmids were prepared for DNA sequencing or for transformation into 




2.13.1 Alkaline mini prep 
Bacteria were grown overnight in LB medium containing the appropriate antibiotic 
(ampicillin for pBlueScript II KS+ derivatives and spectinomycin for pPZP212 
derivatives). 1.5 ml of culture was pelleted by centrifugation for 1 min at 13,000 rpm at 
room temperature. The supernatant was decanted and the pellet was resuspended in 100 
l of Solution I (50 mM glucose, 25 mM Tris pH 8.0, 10 mM EDTA). Following 
resuspension, 200 l of Solution II (0.2N NaOH, 1% SDS) was added and the sample 
was mixed by inversion. Samples were incubated at room temperature for 5 min. After 
the room temperature incubation, 150 l of Solution III (3 M NaOAc pH 5.2) was added 
and the samples were mixed by inversion followed by immediate placement on ice for a 
15 min incubation. To pellet out the protein precipitate, the samples were placed into a 
4°C microcentrifuge and centrifuged for 15 min at 13,000 rpm. The supernatant was 
carefully decanted and 1 ml of 95% EtOH was added. At this point the samples were 
stored at -20°C for at least 10 min after which the samples were centrifuged at room 
temperature for 5 min at 13,000 rpm to pellet out the DNA. The supernatant was 
decanted and washed with 70% EtOH. The 70% EtOH was discarded and the sample was 
allowed to dry for a few minutes. To the pellet 100 l of TE containing DNase-free 
RNase was added and the samples were stored at -20°C. To verify plasmid isolation 
approximately 2 l of thawed plasmid prep was digested with appropriate enzyme (New 
England Biolabs), run on a 1-3% agarose gel containing ethidium bromide, and 





2.14 E. coli transformations 
To transform bacterial cells, ligation mixtures or plasmid DNA was added to 100 l of 
chemically competent DH5 E. coli cells. The samples were immediately placed on ice 
for 15 min followed by heat shock at 37°C for 4 min. To the heat shocked cells, 1 ml of 
LB was added and the samples were incubated at 37°C for 1 h. 500 l of the culture was 
plated onto solid LB plates containing the appropriate antibiotic.  
 
2.15 Agrobacterium tumefaciens transformation by electroporation 
A 40 l aliquot of electro-competent Agrobacterium tumefaciens GV3101 cells was 
thawed on ice and between 1-2 l of Wizard Prep plasmid DNA was added. The mixture 
was mixed by pipetting and immediately transferred into a pre-chilled electro-cuvette 
(Fisherbrand® cat no, FB101). To ensure that all bubbles were removed the cuvettes 
were firmly tapped on a bench top and placed on ice for a few mins. The cuvettes were 
then wiped dry and placed into the electroporator where the samples were electroporated 
at 2500 volts. Sterile LB (800 l) was immediately added to the cuvette and the whole 
sample was transferred to a new microfuge tube followed by a 30-60 min incubation at 
25°C. After the incubation approximately 200 l of sample was plated onto LB plates 
with gentamicin (Agrobacterium selection) and spectinomycin (plasmid selection) and 
grown for three days at 25°C. The newly transformed Agrobacterium cells were used for 





Antibiotic/Drug PNS plates/liquid LB plates/liquid 
Ampicillin N/A 100 g/ml 
Spectinomycin N/A 100 g/ml 
Gentamicin N/A 25 g/ml 
Kanamycin 12.5 M  N/A 
Indole 80 M N/A 
 
Table 2.1 Antibiotic/Drug concentrations and medium. 








Ws-2 (+/+) PNS wild type 
Ws-2 (+/+) PNS + Indole wild type 




alf3-1 (-/-) PNS mutant 
alf3-1 (-/-) PNS + Indole suppressed mutant 










Gene left primer right primer Publication 
PP2AA3 GAGTTTGGTCCTGAATGGGCAATG 
 
ACTGGAGCGAGAAGCGATACTG (Leydon et al.) 
PR1 GTGCCAAAGTGAGGTGTAACAA CGTGTGTATGCATGATCACATC 
 
(Yang et al., 2016) 
PBS3 CGTACCGATCGTGTCATATGAAG 
 



























GGTGGGCTTGAACCAGTTGAGG AATCTCCCGGAAATAGCAGTCG (Chen et al., 2010) 
WRKY62 
 




TCGTTTCAAGATCCGTCGAT TAGATGTTCAGCTGCCACGG (Yu et al., 2016) 
WRKY75 
 
ATTCGAAACCAGAGCTGCAT TTCTTCCCCTTCTTTTTCGA (Schmiesing et al., 
2016) 
 


















































Figure 2.1 Cloning of genomic At5g44910. 
Shown above is the At5g44910 sequence from the Col-0 accession. Lowercase capital 
letters represent 5’ and 3’ UTR regions. Uppercase letters represent the protein coding 
regions. Lowercase italicized letters define the intronic region. Green letters are SNPs in 
the Ws-2 accession. The location of the alf3-1 mutagenic SNP is shown in red. For PCR 
of the genomic region used for cloning, the forward and reverse primers indicated by the 





CHAPTER 3: PHENOTYPIC CHARACTERIZATION OF THE alf3-1 MUTANT 




We previously identified an Arabidopsis thaliana mutant, alf3-1 (aberrant lateral root 
formation 3), whose primary and lateral roots die unless the growth medium is 
supplemented with auxin/indole or they are grown at 28°C (Celenza et al., 1995). The 
alf3-1 allele is dominant to the wild-type (Ws-2) allele, suggestive of the mutation 
causing a gain-of-function allele. Because cell death is a symptom of HR and both 
temperature and auxin suppress this mutant phenotype, we suspected that certain defense 
responses would be elevated in the alf3-1 mutant grown in non-suppressing conditions.  
The primary goal of this chapter is to characterize the chemical phenotype of alf3-
1. I first examine the suppression of the alf3-1 mutant by the iss1-2 mutant, a mutant that 
causes altered aromatic amino acid metabolism. I then used HPLC (high performance 
liquid chromatography) analysis to show that Trp and Phe pathway secondary defense 
metabolites are elevated in the alf3-1 mutant. Steady-state levels of these compounds 
were quantified in alf3-1 compared to Ws-2 and various suppressed conditions and in 
conditions that induce certain metabolites. We also quantified SA levels in alf3-1 mutants 
and show that exogenous application of SA exacerbates the alf3-1 auto-immune 
phenotype. Together, these findings suggest that the alf3-1 mutant has an activated innate 





3.2 Suppression of the alf3-1 phenotype by iss1-2 and 80 μM indole 
Characterization of the iss1-2 (Indole Severe-Sensitive 1-2) mutant revealed that ISS1 
encodes an aromatic aminotransferase involved in indole-dependent auxin metabolism. 
iss1-2 mutants exhibit a high auxin phenotype when grown in medium supplemented 
with indole (Pieck et al., 2015). Auxin sensitivity of iss1-2 mutants is observed as 
adventitious root growth, an elongated hypocotyl, and curled leaves [(Pieck et al., 2015) 
and Fig 3.1]. iss1-2 was initially identified as an alf3-1 suppressor mutant. In contrast to 
iss1-2, alf3-1 mutants require continuous indole supplementation in order to develop 
normal roots (Celenza et al., 1995). 
To fully understand the degree of genetic suppression of alf3-1 by iss1-2, we grew 
alf3-1, iss1-2, alf3-1 iss1-2, and Ws-2 genotypes on varying indole concentrations. As 
shown in Figure 3.1A, alf3-1 iss1-2 double mutants have longer roots compared to alf3-1 
single mutants grown on 0, 5, and 20 μM indole (Figure 3.1A). alf3-1 mutants grown on 
80 μM indole plates appeared similar to Ws-2 as compared to iss1-2 (Figure 3.1A). 
Because alf3-1 iss1-2 mutants do not fully display a wild-type phenotype when grown on 
unsupplemented medium we conclude that iss1-2 partially suppresses alf3-1. We also 
observed that when grown on increasing indole concentrations, the alf3-1 iss1-2 double 
mutant was healthier than the alf3-1 single mutant, but not as healthy as Ws-2. Full 
suppression of the alf3-1 mutant phenotype was only observed at the optimal indole 
concentration of 80 μM. alf3-1, iss1-2, alf3-1 iss1-2 and Ws-2 were exposed to 0 and 80 




morphology. As shown in Figure 3.1B, alf3-1 leaf and hypocotyl morphology was not 
affected by mutation or indole supplementation at 21 days. iss1-2 mutants show a strong 
auxin phenotype observed in epistatic leaf morphology and elongation of the hypocotyl 
(Fig. 3.1B). Aerial portions of the alf3-1 iss1-2 double mutant appeared less sensitive to 
auxin compared to the iss1-2 single mutant, suggesting that alf3-1 partially suppresses the 
indole sensitivity caused by iss1-2.  
In summary, these data indicate that iss1-2 partially suppresses alf3-1 root 
phenotype at low indole concentrations. Conversely, at higher indole concentrations (80 
μM indole), alf3-1 iss1-2 double mutants appear less indole-sensitive compared to iss1-2, 
suggesting that at higher indole concentrations alf3-1 suppresses the indole sensitivity of 
iss1-2. 
 
3.3 HPLC quantification of flavonoids and coniferin in alf3-1   
Plants make an array of secondary metabolites designed to defend against pathogens and 
herbivores. Members of the phenylpropanoid family of compounds function in protecting 
plants from ultraviolet light (flavonoids), herbivory, and pathogens (i.e. lignin). 
Normally, lignin functions as a cell wall structural component but high levels of lignin 
contribute to cell death in response to traumas such as pathogenesis (Aamir et al., 2018; 
Miedes et al., 2014). Flavonoids protect plants from tissue sensitivity to UV-B and their 
production is further induced by microbes. In addition flavonoids are known to act as 




To test whether the alf3-1 mutation causes an altered phenylpropanoid profile, 21 
day old alf3-1 and Ws-2 (WT) plants were collected for chemical analysis. Whole plant 
tissue was collected and methanol extracted for HPLC quantitation of total 
phenylpropanoid content. Compared to Ws-2, alf3-1 mutants produced higher levels of 
coniferin and two flavonoids (black bars) when grown on unsupplemented medium at 
21°C (Figure 3.2A). Suppression of coniferin and flavonoid overproduction was observed 
in alf3-1 plants growth at either 80 μM indole (Figure 3.2A) or at 28°C (Figure 3.2B), 
demonstrating that conditions that suppress the alf3-1 root phenotype also suppress the 
phenylpropanoid overproduction phenotype. There was no significant difference in 
phenylpropanoid production in 80 M indole and HT treated alf3-1 mutants relative to 
Ws-2. In summary, HPLC analysis of phenylpropanoids supports the role of alf3-1 in 
innate immunity for two reasons: (1) alf3-1 has elevated production of phenylpropanoid 
defense metabolites and (2) overproduction of phenylpropanoids in alf3-1 mutants is 
suppressed by known immunity suppressors HT and 80 μM indole (IAA precursor).  
 
3.4 UV-B treated alf3-1 mutants produce higher levels of coniferin and flavonoid B 
relative to UV-B treated and untreated Ws-2  
Since alf3-1 mutants produce higher levels of coniferin and flavonoids, we hypothesized 
that UV-B treatment, an inducer of flavonoid production, would shift phenylpropanoid 
metabolism towards flavonoid production. To test this hypothesis, alf3-1 and Ws-2 plants 
were grown in normal conditions for 19 days followed by a 48h UV-B treatment. The 




content as above. UV-B treated alf3-1 plants produced higher levels of flavonoid A 
compared to Ws-2, alf3-1, and 48h UV-B Ws-2 (Figure 3.3). Coniferin production was 
significantly reduced in 48h UV-B alf3-1 compared to alf3-1 mutants grown at normal 
conditions. The increase in flavonoid A and decrease in coniferin of 48h UV-B alf3-1 
plants suggests that crosstalk between monolignol and flavonoid A metabolism is UV-B 
regulated. Additionally, higher production of flavonoid A compared to flavonoid B in 
alf3-1 mutants subjected to UV-B for 48h shows that flavonoid A is preferentially 
induced by UV-B.  
 
3.5 alf3-1 produces higher levels of ROS scavenger anthocyanin  
Anthocyanins belong to the flavonoid parent class of molecules synthesized by the 
phenylpropanoid pathway and have been shown to be protective against bacterial blight 
in cotton (Kangatharalingam et al., 2002). Additionally, anthocyanins have been reported 
to be elevated in plants that have higher SA levels (Bandurska et al., 2013). Since defense 
response compounds are induced in alf3-1, we hypothesized that the ROS scavenger 
anthocyanin would also be elevated in the alf3-1 mutant. alf3-1 and Ws-2 seedlings were 
grown on unsupplemented medium at 21°C for 10 days and anthocyanin was extracted 
and quantified as previously described in Chapter 2. Growth of alf3-1 mutants in these 
conditions resulted in the accumulation of higher levels of anthocyanin compared to Ws-
2 (Figure 3.4). These data suggest that the alf3-1 mutants have higher levels of ROS 
accumulation consistent with this mutant having an activated immune response. In 




anthocyanin production, alf3-1 leaves had a purple appearance indicative of high 
anthocyanin accumulation. HPLC analysis of 24h UV-B treated alf3-1 mutants showed 
an even higher accumulation of anthocyanin compared to non UV-B treated confirming 
that anthocyanin production remains strongly regulated by UV-B in the alf3-1 mutant.  
 
3.6 alf3-1 mutants produce higher levels of Trp-derived defense metabolites indole 
glucosinolates (IGs) 
Consistent with our model that alf3-1 mutant has a constitutively active innate immune 
response we expected to see dysregulation of other secondary defense pathways, not 
necessarily restricted to innate immunity and ETI (discussed in Chapter 4). Elevated 
production of Trp-derived IGs are a hallmark response to herbivore attack in Arabidopsis 
and in many cases are elevated as a secondary response to pathogens. Because the alf3-1 
mutant has elevated production of defense compounds derived from the Phe/Tyr branch 
of the chorismate pathway, we hypothesized that Trp defense metabolites would also be 
elevated in the alf3-1 mutant. To test this hypothesis we used HPLC to quantify IG 
production in alf3-1 mutants compared to Ws-2. HPLC analysis revealed that alf3-1 
mutants produced higher levels of all three IG metabolites (Figure 3.5). And alf3-1 
produced greater than 3 times the amount of IGs as Ws-2. These data suggests that the 





3.7 The anti-microbial phytoalexin, camalexin, is elevated in alf3-1 mutants 
Camalexin is another Trp-derived secondary metabolite that serves as a defense response 
to microbial pathogens. Because of elevated levels of Trp derived metabolites we used 
HPLC to also measure camalexin in uninduced and induced alf3-1 and Ws-2 plants. In 
these experiments, camalexin production was induced by silver nitrate instead of 
microbes. We hypothesized that silver nitrate treated alf3-1 mutants would produce 
higher levels of camalexin because Trp-derived IGs are already elevated as seen in Figure 
3.6. Without induction, no camalexin was detected in both alf3-1 and Ws-2 (data not 
shown). However after silver nitrate induction, alf3-1 mutants produced approximately 
two times more camalexin compared to Ws-2 as determined by HPLC analysis (Figure 
3.6; gray bars). Although alf3-1 mutants did not produce camalexin without silver nitrate 
induction, elevated camalexin production after induction is consistent with alf3-1 mutants 
having an elevated immune response. That is, the alf3-1 mutant’s autoimmune phenotype 
enables more robust production of camalexin after induction by silver nitrate or 
presumably a microbial pathogen. alf3-1 mutants treated with 80 µM have significantly 
reduced camalexin compared to alf3-1 grown on normal medium (Figure 3.6; white bars). 
This result is consistent with our other findings that 80 M indole not only suppresses the 
alf3-1 mutant growth phenotype (Fig. 3.1), but also suppresses the mutant’s increased 
production of Phe-derived defense metabolites (Fig. 3.2a) and, as will be described in 





3.8 SA production and effect on alf3-1 
Because alf3-1 mutants have elevated secondary metabolite production, and as will be 
described in Chapter 4 have elevated expression of the ETI- and SA-responsive gene 
PR1, we measured steady-stay SA levels in the alf3-1 mutant and in Ws-2. SA was 
extracted from plants grown on PNS at 21°C and quantified using HPLC. Relative to Ws-
2, alf3-1 produces approximately twice the amount of total SA (Figure 3.7). Taken 
together, this result is consistent with the alf3-1 mutant having an activated innate 
immune response likely signaling through ETI.  
 
3.9 SA treatment exacerbates alf3-1 root phenotype 
Given that alf3-1 mutants have elevated SA levels in addition to increased PR1 
expression, we tested if alf3-1 mutants are more sensitive to exogenous SA. We 
hypothesized that the addition of SA would exacerbate the root mutant phenotype more 
dramatically in alf3-1 mutants than in Ws-2 plants. As shown in Figure 3.8A, 40 µM SA 
had little effect on the growth and development of Ws-2 roots whereas alf3-1 roots were 
severely stunted (indicated by the lack of root growth below the white arrow Fig 3.8A). 
The dramatic sensitivity of the alf3-1 mutant to exogenous SA is consistent with the 
mutant having an already activated ETI.  
To determine whether alf3-1 is more sensitive to SA than WT, I measured root 
length in alf3-1 and Ws-2 plants grown on 0, 5, and 100 µM SA. As shown in Figure 
3.8B,Ws-2 plants displayed a gradual decrease in root length as SA concentrations 




contrast, alf3-1 mutants were more sensitive to 5 µM SA, causing a 95% decrease in root 
length (Figure 3.8B). These findings show that alf3-1 mutants are more sensitive to SA 
relative to Ws-2. These data also suggest that the application of SA to a mutant that 
endogenously produces high levels of SA (Figure 3.8) has an additive effect on the 
phenotype contributing to the severity of the plant’s growth phenotype.      
 
3.10 Summary 
In this chapter, Trp and Phe defense metabolites were quantified to characterize the 
chemical phenotype of alf3-1. These results support a model in which alf3-1 displays 
autoimmunity in the root. With our targeted metabolite measurements we have 
established that alf3-1 mutants produce higher levels of IGs, camalexin, and 
phenylpropanoids compared to the WT accession Ws-2. We show that production of 
secondary defense metabolites is suppressed when alf3-1 mutants are grown at 28°C and 
80 M indole, the same conditions that suppress the alf3-1 growth phenotype. Because 
these conditions (increased auxin and high temperature) are known to suppress ETI (Huot 
et al., 2014), we hypothesize that alf3-1 is an autoimmune mutant that results in root cell 
death and elevated defense compound production. Chapter 4 will describe molecular 






















Figure 3.1 Partial suppression of alf3-1 by the iss1-2 suppressor mutation 
Genotypes for both panels are listed on the bottom. Indole concentrations are listed on the 
left increasing from top to bottom.  (A) Plants were imaged 21 days post germination. 
Indole had a minimal impact on the growth of Ws-2 (WT) plants, left column. On 
unsupplemented medium (0 M indole), alf3-1 mutants displayed a severe root 
phenotype, while alf3-1 iss1-2 mutants were partially suppressed. As the concentration of 
indole increased growth of the alf3-1 root phenotype improved. alf3-1 iss1-2 double 
mutants also showed improved growth on the lower indole concentrations compared to 
alf3-1. iss1-2 mutants appeared WT on unsupplemented medium and showed an auxin-
sensitive phenotype as indole concentrations increased, right column. (B) Close-up 
images of the aerial portions of Ws-2, alf3-1, alf3-1 iss1-2, and iss1-2 genotypes at 0 and 
80 M indole. At 80 M indole, alf3-1 mutants resemble Ws-2. iss1-2 mutants developed 
adventitious roots, elongated hypocotyl, and epistatic leaf curling at 80 M, which is 
indicative of high auxin production. alf3-1 iss1-2 double mutants showed partial 









































































































Figure 3.2 alf3-1 mutants accumulate higher levels of phenylpropanoids than Ws-2 
and this phenotype is suppressed by HT and indole. 
HPLC quantification of phenylpropanoids measured at 260 nm/tissue weight and 
normalized to Ws-2 grown on PNS. Peaks were extracted at following time points: 
coniferin approx. a 9.3-9.9 min, flavonoid A approx. 13.6-13.7 min, and flavonoid B 
approx. 16.0-16.9 min. Samples were grown at the following conditions 21°C, 28°C, and 
80 M indole for 21 days followed by methanol extraction of phenylpropanoids and 
HPLC quantification. alf3-1 mutants grown on untreated PNS at 21°C produce 
significantly higher levels of coniferin and both flavonoid compounds compared to Ws-2. 
Phenotype suppression conditions (A) alf3-1 80 M indole and (B) alf3-1 28°C high 
temperature treatment show no significant difference between Ws-2 and alf3-1 
genotypes. Error bars represent the standard error of the mean (n = 3 biological 
replicates). P-values are indicated above each set of compared samples (wo-tailed 
Student’s t-test was used to calculate statistical differences). P-values that are in bold are 
statistically significant (p≤0.05). Solid lines indicate a comparison between different 
genotypes and dotted lines represent comparisons between same genotype grown at 































































Figure 3.3 UV-B treated alf3-1 mutants produce higher levels of coniferin and 
flavonoid B relative to UV-B treated and untreated Ws-2.  
HPLC quantification of phenylpropanoids measured at 260nm/tissue weight and 
normalized to Ws-2 grown on PNS. Peaks were extracted at following time points: 
coniferin approx. a 9.3-9.9 min, flavonoid A approx. 13.6-13.7 min, and flavonoid B 
approx. 16.0-16.9 min. Samples were grown at 21°C for 21 days. Compared to Ws-2, 
alf3-1 and 48h alf3-1 produce higher levels of coniferin, flavonoid A, and flavonoid B. 
Compared to 48h UV-B Ws-2, alf3-1 and 48h alf3-1 produce higher levels of coniferin 
and flavonoid A. Error bars represent the standard error of the mean. P-values are 
indicated above each set of compared samples (two-tailed Student’s t-test was used to 
calculate statistical differences). P-values that are in bold are statistically significant 
(p≤0.05). Solid lines indicate a comparison between different genotypes and dotted lines 
represent comparisons between same genotype grown at different conditions. Data 
















































Figure 3.4 alf3-1 mutants produce elevated levels of anthocyanin. 
Values given are amounts relative Ws-2 (WT) grown in white light. Anthocyanin was 
quantified by spectrophotometry at 530 and 637 nm absorbance as described in Chapter 
2. alf3-1 mutants produce significantly higher levels of anthocyanin compared to Ws-2, 
columns 1 and 2. 48h UVB treated alf3-1 mutants produce significantly higher levels of 
anthocyanin compared to 48h UVB treated Ws-2, columns 2 and 3. y-axis values are log 
fold-change and all conditions and genotype are significantly different from each other. 
P-values are indicated above each set of compared samples (two-tailed Student’s t-test 
was used to calculate statistical differences). P-values that are in bold are statistically 
significant (p≤0.05). Solid lines indicate a comparison between different genotypes and 
dotted lines represent comparisons between same genotype grown at different conditions. 
















































Figure 3.5 alf3-1 mutants produce higher levels of indolic glucosinolates.  
Shown are amounts of the three IGs, indole-3-methyl glucosinolate (I3M), 4-
methoxyindole-3-methyl glucosinolate (4MOI3M), and 1-methoxyindole-3-methyl 
glucosinolate (1MOI3M). Amounts are in nmol/mg tissue weight normalized to a sinigrin 
standard. Compared to Ws-2, alf3-1 mutants produce significantly higher levels of I3M 
and 4MOI3M. P-values are indicated above each set of compared samples (two-tailed 
Student’s t-test was used to calculate statistical differences). P-values that are in bold are 
statistically significant (p≤0.05). Solid lines indicate a comparison between different 
genotypes and dotted lines represent comparisons between same genotype grown at 










































Figure 3.6 Anti-microbial camalexin is significantly induced in alf3-1 treated with 
AgNO3.  
Values given are mean ng/mg tissue weight normalized to a camalexin standard. 
Genotypes are listed in the x-axis and gray and white bars represent PNS and 80M 
indole growth mediums, respectively. alf3-1 mutants produce higher amounts of 
camalexin relative to Ws-2 on PNS. Camalexin production in alf3-1 mutants grown on 
80M indole (white bar) is significantly decreased compared to alf3-1 (gray bar). 80M 
indole significantly induced camalexin production in Ws-2 compared to PNS Ws-2. 
Camalexin amount in 80M indole grown alf3-1 did not significantly differ from 80M 
indole Ws-2 or PNS Ws-2. P-values are indicated above each set of compared samples 
(two-tailed Student’s t-test was used to calculate statistical differences). P-values that are 
in bold are statistically significant (p≤0.05). Solid lines indicate a comparison between 
different genotypes and dotted lines represent comparisons between same genotype 




















Figure 3.7 alf3-1 mutants have elevated steady-state SA levels. 
SA quantification was done using HPLC as described in Chapter 2. Values given are 
mean nmol/mg tissue weight normalized to Ws-2. SA quantification was done using high 
performance liquid chromatography (HPLC). These values represent free SA + 
conjugated SA = total in ng of SA/mg fresh weight (FW). Figure shows alf3-1 have 
significantly higher steady-state SA levels compared to Ws-2. P-value is listed above 

































































Figure 3.8 SA exacerbates in the alf3-1 mutant root phenotype.  
(A) Genotypes are listed in the top right-hand corner of each panel. Growth conditions 
are listed in the bottom center of each panel. alf3-1 and Ws-2 plants were grown on 
unsupplemented medium (top row) and PNS supplemented with 40 μM indole (bottom 
row) and photographed at 14 days after germination.  alf3-1 mutants have severe 
sensitivity to 40 μM indole compared to Ws-2. White arrows indicate the junction 
between the root and hypocotyl. (B) The measurements reflect the percentage of root 
length of each plant relative to untreated plants for each genotype (y-axis). Ws-2 are the 
black bars and alf3-1 are represented by the white bars. Concentrations of SA are on the 
x-axis. alf3-1 mutants show severe sensitivity to SA at the lowest SA concentration 5 
μM). alf3-1 at 5, 50, and 100 M SA are not significantly different from each other 
(marked by asterisk), while Ws-2 (unmarked) are significantly different from each other 
(Pvalue ≤0.05 two-tailed Student’s t-test). Data in (A) generated by Nahomie Rodriguez-





CHAPTER 4: GENOMIC AND TRANSCRIPTOMIC ANALYSIS OF THE alf3-1 
MUTANT 
 
4.1 Overview  
Celenza et al. (1995) previously mapped the alf3-1 mutant to an approximate 500 kb 
region on chromosome 5. However, a more precise location for alf3-1 could not be 
obtained due to its incompletely dominant behavior and variable expressivity in 
outcrosses used for mapping. In this work, we use whole-genome resequencing of the 
alf3-1 mutant compared to its wild-type accession Ws-2 to identify candidate mutations 
in this region. It was found that the leading candidate for the ALF3 gene is a previously 
uncharacterized TIR-X protein encoded by At5g44910. The mutation in At5g44910 
results in a G to A missense mutation causing an Asp to Asn substitution at a conserved 
position that is typically a charged amino acid in other TIR domain proteins. Gain-of-
function missense mutations have been identified in other TIR domain proteins nearby 
the position of the putative alf3-1 mutation, consistent with the hypothesis that alf3-1 is a 
gain-of-function mutation. 
While some TIR domain proteins have demonstrated roles in innate immunity, 
most have unknown functions including most of the TIR-X family. Based on transient 
expression data and protein-protein interaction studies, TIR-X proteins have been 
hypothesized to interact with other TIR proteins to help coordinate responses to pathogen 
signaling (Nandety et al., 2013). Due to the dominant phenotype of the alf3-1 mutant, our 




hypersensitive response (HR) by constitutively signaling effector triggered immunity 
(ETI).  
In order to gain a better understanding of the molecular changes that occur in the 
alf3-1 mutant, we utilized RNA-seq to perform differential gene expression (DGE) 
analysis on 21-day old alf3-1 and Ws-2 plants grown (1) at 21oC (normal temperature), 
(2) at 28oC (high temperature), and (3) on 80M indole-containing medium at 21oC. 
Paired-end 75 base pair reads from two replicates of each genotype and condition were 
executed and >20 million reads were mapped per replicate using Tophat followed by 
DGE analysis using edgeR. GO term analysis showed that genes significantly 
upregulated in the alf3-1 mutant condition are involved in immunity responses (e.g. ten 
WRKY transcription factors and PR1, PBS3, FMO1, BAP1). Additionally, GO terms for 
genes downregulated in alf3-1 involve genes associated with the promotion of growth 
and development. This finding is consistent with the alf3-1 phenotype and the notion that 
an activated immune response suppresses growth and development in plants. Finally, we 
used RT-qPCR to validate select genes that showed differential expression.   
 
4.2 Whole genome sequencing of alf3-1 reveals a G to A transition mutation in the 
coding region of At5g44910 consistent with ethyl methanesulfonate mutagenesis 
The alf3-1 mutation was first identified in the Ws-2 accession mapping to Arabidopsis 
chromosome 5 (Celenza et al. 1995). Further mapping localized the ALF3 gene to an 
approximate 5 kb region that contained 134 genes. Due to the anomalous behavior of the 




could not be achieved. The ALF3 gene has been difficult to identity in part due its 
incomplete dominance over WT and its variable expressivity when crossed to non-
isogenic backgrounds. For these reasons, we conducted whole genome resequencing on 
alf3-1, alf3-1 iss1-2 and Ws-2 genotypes. The alf3-1 iss1-2 double mutant was included 
in the analysis because the iss1-2 mutation was previously identified in the Ws-2 
accession (Pieck et al., 2015) and would thus serve as a positive control for the 
sequencing.  
DNA samples from the listed genotypes were extracted using a Qiagen plant 
DNA mini-prep kit. We used Illumina as a platform for whole genome sequencing 
(WSG). Because we were looking for a single nucleotide polymorphism (SNP), we 
obtained approximately 40-60 million 100 bps paired end reads to ensure that ample 
coverage was obtained. Figure 4.1A summarizes the genotypes and shows the amount of 
coverage achieved in the sequencing. Because the reference genome was from the Col-0 
accession, paired-end sequencing was used to provide greater sequencing depth and 
ensure better accuracy of sequences (Figure 4.1A).  
  
4.2.1 Alignment of At5g44910 of alf3-1 and Ws-2 to the reference accession Col-0 
Previous mapping experiments focused the WSG data analysis to a region on 
chromosome 5 containing 134 possible gene candidates. From the WSG output, we 
specifically targeted single nucleotide polymorphisms (SNPs) associated with exonic 
regions of expressed genes as determined by searching publicly available expression data 




and alf3-1 genomes to the wild-type Col-0 accession published accession and alf3-1 and 
Ws-2 were manually scanned for differences. Consistent with the ethyl methanesulfonate 
mutagenesis which was used in the screen that yielded the alf3-1 mutant, the SNP in the 
identified candidate gene is a G to A missense mutation within the exon of a gene 
encoding a protein whose predicted function is in innate immunity (Figure 4.1B). 
According to The Arabidopsis Information Resource (TAIR; www.arabidopsis.org) the 
candidate gene encodes a primarily root-expressed Toll-Interleukin 1 receptor (TIR) 
protein that contains an X domain known as TX with a TAIR identification At5g44910. 
Because alf3-1 genetically behaves in a dominant manner, we hypothesize that the SNP 
constitutively activates the encoded protein that signals through an immunity pathway 
causing autoimmunity observed in alf3-1 mutants.   
 
4.2.2 Amino acid alignment and prediction of alf3-1 protein 
To determine how the At5g44910 amino acid sequence compares to other TIR domain 
proteins, protein BLAST was used to identify the most similar homologs in Arabidopsis. 
TIR proteins involved in innate immunity have a highly conserved region of the TIR 
domain known as the alpha-D3 helix region. Alignment of the predicted ALF3 protein to 
other Arabidopsis TIR proteins, including the well-characterized RPS4 protein, shows 
that the SNP in the alf3-1 mutant occurs in the alpha-D3 helix region of the TIR domain. 
Figure 4.1C shows the alignment of the predicted ALF3 TIR domain to the top five 
BLAST hits and RPS4. Known mutations in the alpha-D3 helix region of RPS4 cause a 




mutation is eleven amino acids away from a C-terminal gain of function in RPS4 
(Swiderski et al., 2009). This finding is consistent with alf3-1’s role as a gain of function 
mutation causing an autoimmune phenotype via constitutive activation ETI.  
 
4.3 SA-specific marker pathogenesis-related 1 (PR1) is elevated in alf3-1 grown at 
21ºC  
PR1 is a well-known SA response gene induced during plant response to biotrophic and 
hemibiotrophic pathogens. In Chapter 3, we demonstrated that alf3-1 mutants have 
elevated SA production which is indicative of activated immunity (Figure 3.7). Because 
alf3-1 mutants have SA induction, we hypothesized that the expression of SA-specific 
marker PR1 would also be induced. RT-qPCR showed a 10-fold induction of SA-specific 
marker PR1 (Figure 4.2).  
In general, SA and JA/ET signaling are typically antagonistic. Therefore, to 
ensure that only SA-defense genes were activated, we measured expression of JA specific 
marker gene PDF1.2. Figure 4.2 shows that PDF1.2 is not induced in alf3-1 mutants. 
Collectively, these data support our hypothesis that alf3-1 has an induced SA-dependent 
defense response consistent with the mutant’s autoimmune phenotype that is caused by a 





4.3.1 Expression of PR1 and PBS3 in alf3-1 mutants is suppressed at 28ºC and 80 
M indole treatments 
Suppression of the alf3-1 phenotype, as described in Chapter 3, was observed when alf3-
1 mutants were grown at higher temperatures (28-29ºC) or treated with the auxin 
precursor indole (80 M indole). Although the alf3-1 mutant appears similar to Ws-2 
when grown under suppression conditions, we wanted to investigate whether one or both 
of those conditions also suppressed defense gene expression in alf3-1. We hypothesized 
that alf3-1 grown in suppression conditions would show downregulation of PR1 
otherwise normally induced in alf3-1. We tested our hypothesis by performing RT-qPCR 
on RNAs extracted from alf3-1 mutants grown in suppression conditions.  
Under both steady-state phenotype suppression conditions, expression of PR1 in 
alf3-1 was dramatically reduced to levels similar to Ws-2 (Figure 4.2 labeled PR1 indole 
and PR1 28 ºC). Our results show a similar pattern of gene expression to other well-
characterized autoimmune mutants of Arabidopsis. These results demonstrate that alf3-1 
behaves similar to other autoimmune mutants that show a failure to sustain ETI at high 
temperatures and growth induction conditions. Because of the similarity of alf3-1 to other 
autoimmune mutants, our data suggest a role for ALF3 in defense signaling. 
 
4.3.2 Autoimmunity is activated 72h post shift from 28°C (high temperature 
suppression condition) to 21°C  
In order to investigate how long it takes to activate immunity in alf3-1 mutants, we 




and PR1. To test for their induction, alf3-1 mutants were grown at a high temperature 
suppression condition (28-29°C) for 14 days and then transferred to normal growth 
temperature (21°C). RNAs were extracted at 0h, 24h, 48h, 72h, 120h, 168, and 216h post 
transfer. Figure 4.2 shows that alf3-1 mutants have significant induction of PBS3 and 
PR1 at 72h. Not shown are time points that had no significant induction of defense genes 
which includes 24h and 48h. Additionally, the later time points (120h, 168h, and 216h) 
sustained induction of immune response, but are not shown because the scope of our 
question was to find the earliest immunity activation time point. In summary, these data 
demonstrate that PBS3 and PR1 are significantly induced as early as 72h after transfer 
from the suppressing condition to the mutant condition.     
 
4.3.3 SA exacerbates PR1 induction in alf3-1 mutants 
Because PR1 induction is SA-dependent, we examined PR1 expression in alf3-1 mutants 
treated with different concentrations of SA in order to determine whether the severe 
sensitivity of alf3-1 to SA (seen in Figure 3.8) is due to increased HR cell death via ETI 
signaling. alf3-1 and Ws-2 were grown in 1 M and 5 M SA followed by RNA 
extraction and RT-qPCR quantification of PR1 (Figure 4.3). Due to the severity of the 
phenotype, biological replicates were not always obtained for this experiment and thus 
we view these results as qualitative. PR1 expression in 1 M SA treated alf3-1 was 
highly induced, on average approximately 43-fold compared to both 1 M SA treated 
Ws-2 and untreated alf3-1 plants (~12 and ~5 fold induction respectively). As shown by 




suggests that exacerbation of the phenotype in response to SA is caused by a more robust 
induction of SA-dependent defense pathways in alf3-1.  
 
4.3.4 MeJA treatment also induces PR1 in alf3-1  
Although characterized as generally being antagonistic, SA and JA have been reported 
throughout the literature to have a more complex relationship (Kunkel and Brooks, 2002; 
Thaler et al., 2012). In Figure 4.3, we show that alf3-1 mutants have increased PR1 
expression when treated with 2 M of jasmonic acid derivative MeJA. Ws-2 plants 
treated with 2 M MeJA also showed PR1 induction, but not to the extent seen for alf3-1 
treated with the same dose. Overall, these data show that the anti-herbivory defense 
hormone MeJA severely impacts PR1 expression in alf3-1. Because alf3-1 mutants show 
an autoimmune response, MeJA might also have an additive effect on PR1 expression in 
alf3-1.  
 
4.4 RNA-seq analysis shows clustering of suppression conditions independent of 
genotype in RNA-seq data  
RNA-seq was performed, as described in Chapter 2, on the following genotypes and 
conditions: Ws-2, alf3-1, indole treated alf3-1 (Ialf3-1), indole treated Ws-2 (IWs-2), 
high temperature treated alf3-1 (HTalf3-1), and high temperature treated Ws-2 (HTWs-
2). Each library was sequenced as paired-end 75 bp reads. >20 million paired-end reads 
were obtained and were analyzed on Cyverse.org using the following workflow: Reads 




TAIR10 Arabidopsis Col-0 genome using Tophat 2 (Trapnell et al., 2012). For each 
library, >87% of the reads mapped as concordant pairs. DGE was then determined using 
HTseq-counts (Anders et al., 2015) followed by edgeR (Robinson et al., 2010). From the 
edgeR output, genes with an FDR <0.05 were considered differentially expressed and 
subsequently used for downstream analysis. 
As part of the edgeR program, multi-dimensional scaling analysis was performed 
to test for differences between replicates and between biological samples. Additionally, 
edgeR plots the trends of how growth conditions alter gene expression for the two 
genotypes (Figure 4.3). The x- and y-axis represent the log fold change (logFC) of 
dimensions 1 and 2 (respectively) for all pair-wise library comparisons of every gene. 
From our data, dimension 1 separates samples by different biological conditions, 
suggesting that the biological variability is the main source of variance in the data. These 
data also demonstrate that biological replicates cluster closely, suggesting that gene 
expression of biological replicates are a reliable representation of each genotype and 
condition. Multi-dimensional scaling also shows that plants treated with indole cluster 
separately from plants grown at high temperature independently of the genotype (Anders 
et al., 2015; Joshi and Fass, 2011; Robinson et al., 2010; Trapnell et al., 2012).   
Ialf3-1 libraries cluster closely with IWs-2 indicating that transcriptional changes 
of alf3-1 mutants grown in indole are similar to that of indole grown Ws-2 (Figure 4.4). 
Additionally, transcriptional changes that occur in high temperature treated alf3-1 
(HTalf3-1) are similar to those of high temperature Ws-2 (HTWs-2) as they are also 




temperature and indole treatments drive transcriptional changes overriding any genotypic 
effects. In Chapter 3, we showed that temperature and indole suppress the chemical and 
physical phenotype of alf3-1 mutants. Multi-dimensional scaling further supports this 
notion by confirming drastic transcriptional changes that occur in both genotypes driven 
by the growth condition indicated by clustering of alf3-1 with Ws-2. However, Figure 4.4 
also shows that genes driving temperature suppression compared to indole suppression of 
alf3-1 are different because the two conditions cluster far apart. Altogether, these data 
demonstrate that high temperature and indole treatment greatly lessen the genotypic 
effect between alf3-1 and Ws-2 WT.  
 
4.4.1 GO terms enriched in genes upregulated in the alf3-1 mutant 
A gene ontology (GO) term analysis of genes upregulated in the alf3-1 mutant was 
conducted to better understand the biological processes and pathways dysregulated in the 
alf3-1 phenotype. As shown in Figure 4.5, DGE identified 986 genes commonly 
upregulated in alf3-1 compared to Ws-2, Ialf3-1 and HTalf3-1. Comparison of alf3-1 to 
Ws-2 was performed under normal Arabidopsis growth conditions. Ialf3-1 and HTalf3-1 
are conditions that suppress the mutant phenotype. These 986 genes were input into 
PANTHER and enriched GO terms were obtained. GO terms show significant 
enrichment for defense pathways that include responses to pathogens (e.g. ten WRKY 
transcription factors, PBS3, FMO1, BAP1, PR1) (Table 4.1). From the RNA-seq data, the 
alf3-1 mutant also shows elevated expression of genes involved in phenylpropanoid and 




following section. The RNA-seq and GO term analysis corroborates our characterization 
of alf3-1 as an autoimmune mutant.  
4.4.2 Secondary metabolite pathways induced in alf3-1 
Previously, our HPLC data showed that alf3-1 mutants produce higher levels of the 
phenylpropanoid pathway compounds, coniferin, flavonoids, and anthocyanin, as well as 
the tryptophan-derived defense compounds indole glucosinolates and camalexin (Chapter 
3). From the GO term analysis, we found these pathways are enriched, thus supporting 
our metabolite analysis (Table 4.2). From our RNA-seq data we identified significantly 
upregulated genes from the phenylpropanoid and Trp metabolic pathways (Table 4.3). 
 
4.4.3 Upregulation of WRKY family transcription factors 
The WRKY family of transcription factors (TFs) are primarily responsive to a variety of 
stress conditions ranging from biotic to abiotic stresses (Banerjee and Roychoudhury, 
2015; Wang et al., 2018). There are 74 WRKY genes in Arabidopsis (Banerjee and 
Roychoudhury, 2015). As we show in our RNA-seq data, some of these genes are 
induced in the alf3-1 mutant (Table 4.4). From the subset of 986 genes (Figure 4.5) 
commonly upregulated in alf3-1, ten WRKY TFs are upregulated in the alf3-1 mutant 
compared to Ws-2 and all alf3-1 suppressive growth conditions. A summary of the 
published roles of each TF is detailed in Table 4.4 and was obtained from TAIR 
(https://www.arabidopsis.org). Many of the WRKY TFs dysregulated in alf3-1 specifically 
activate innate immunity genes in response to biotic stressors and bacterium. RNA-seq 




which in turn are responsible for activating numerous defense response pathways and 
genes including pathogenesis-related 1 (PR1) discussed below. Using RT-qPCR on RNA 
prepared from different Ws-2 and alf3-1 we validated differential expression for a subset 
of these genes (WRKY38, WRKY54, WRKY62, and WRKY75) show in Table 4.5. This 
validation of WRKY TF expression also suggests that our RNA-seq data sets are an 
accurate representation of the alf3-1 transcriptomic state.  
We conclude that the 986 commonly dysregulated genes are highly descriptive of 
the alf3-1 phenotype because they are upregulated in alf3-1 compared to all phenotype 
suppression conditions (Figure 4.5). In addition, these data suggest that high temperature 
and indole suppression of the alf3-1 mutant condition is in part mediated by 
downregulation WRKY TFs and other defense related genes.  
 
4.6 KEGG pathway of activated defense genes in alf3-1  
Many genes of the 986 subset involved in defense response belong to variety of defense 
pathways. In order to investigate how many of these genes could be linked to known 
innate immunity components specifically involved in R protein signaling, we input the 
986 commonly upregulated genes into the functional annotation tool component of the 
DAVID online analysis software (https://david.ncifcrf.gov/). Of the 986 subset, KEGG 
pathway analysis showed that both PTI and ETI pathway components are induced in the 
alf3-1 mutant condition (Figure 4.6). Although we have placed ALF3 at the site of the 
effector perception, element of the ETI signaling cascade, activated ETI components are 




autoimmune mutants could induce defense pathways by: (a) triggering ETI specific gene 
responses and/or (b) activating PTI signaling as seen in alf3-1.   
  
4.7 GO terms of genes downregulated in the alf3-1 mutant identify pathways 
associated with promotion of root growth and development  
In plants, a major indicator of activated immunity is the downregulation of growth and 
development pathways. As demonstrated throughout this study, alf3-1 has a 
constitutively active immune response resembling many other autoimmune mutants. 
Since the genes induced in the alf3-1 mutant condition drive activation and are part of 
defense pathways, we hypothesize that genes involved in growth and development would 
be downregulated.  
We investigated commonly downregulated genes for the same conditions as 
previously described. Figure 4.7 shows that alf3-1 mutants have 1292 genes that are 
suppressed in the mutant condition compared to Ws-2, Ialf3-1, and HT alf3-1. Venn 
diagrams were generated using http://www.biovenn.nl/index.php and the 1292 subset was 
input into PANTHER for GO terms generation. GO terms of 1292 genes reveal 
downregulation of genes involved in growth and development pathways (Table 4.6). 
Strikingly, genes involved in root growth and development were heavily represented in 
the downregulated genes (Table 4.6). Our phenotypic characterization of the alf3-1 
mutant describes a strong cell death phenotype specific to the root system. These data 




autoimmune phenotype specific to the root confirming our hypothesis that alf3-1 is as 
autoimmune mutant in the roots.  
 
4.8 alf3-1 mutants have SA-specific gene induction  
Expression profiles of genes upregulated in SA-treated wild type plants were obtained 
from the publicly available data on gene expression omnibus (GEO) (Ding et al., 2018) 
and compared to gene upregulated in the alf3-1 condition. The data set from Ding et al. 
(2018) was re-analyzed in the same way that all RNA-seq data was analyzed for this 
thesis. Of the 3527 gene induced in the SA condition, a subset of 883 are shared with 
alf3-1. Figure 4.8 shows the Venn diagram comparison between genes induced in SA 
treated WT plants and genes upregulated in the alf3-1 mutant. In Table 4.7, GO terms for 
pathways enriched in this 883 subset identify known SA-specific pathways. This data 
strongly suggest that SA signaling accounts for part of the alf3-1 mutant phenotype.  
 
4.9 Chapter 4 summary 
In this chapter, WSG was used to narrow down potential gene candidates for alf3-1. 
WSG revealed a G to A mutation in an Arabidopsis gene encoding a TIR-domain protein 
predicted to function in ETI signaling. Gain-of-function mutations in other TIR-domain 
proteins have been shown to hyper-activate defense signaling through ETI leading to 
autoimmunity. Because alf3-1 mutants were previously shown to produce higher amounts 
of SA, we performed RT-qPCR to validate upregulation of SA-specific defense genes. 




compared to Ws-2. We additionally demonstrate that alf3-1 suppression conditions (high 
temperature and indole treatment) suppress PR1 and PBS3 expression.  
To further explore our initial RT-qPCR findings, we used RNA-seq as a tool to 
more completely characterize the transcriptional changes driving differences among Ws-
2, alf3-1, Ialf3-1, and HTalf3-1 samples. Our results show that alf3-1 mutants have an 
upregulation of genes involved in disease response. More specifically, induction of PR1, 
PBS3, EDS1, multiple WRKYs, and PTI components in alf3-1 confirms our hypothesis 
that innate immunity is constitutively active (Figure 4.5). Apart from upregulation of 
innate immunity pathways, genes involved with secondary metabolism are also induced 
in alf3-1 further validating chapter 3 HPLC results.  
Finally, we show that genes downregulated in the alf3-1 mutant condition are 
involved in growth and development. More specifically genes involved in root growth 
and development are suppressed which supports our conclusions that alf3-1 autoimmune 
response is highly root specific. Work performed by others has concluded that plants 
make tradeoffs between growth and defense (Huot et al., 2014) which supports our 
working model that alf3-1’s autoimmune phenotype is due to induction of immunity 





Sample  Mega bases (Mb) read Coverage 
Ws-2 6281 ~47-fold 
alf3-1 4315 ~32-fold 

























At5g45000   TX
At4g19920   TX
At1g51270   ?
At5g44900   TX
At5g45220   TNL








Figure 4.1 WGS reveals a G to A transition mutation changing amino acid Asp to 
and Asn in alf3-1 mutants.  
(A) Listed are the genotypes sequenced and how the coverage was obtained, numbers 
were summarized from the WGS results. (B) Genomic code of WT At5g44910 from the 
Ws-2 accession. Capital letters represent the two exons and the lower case (gray-
highlighted bases) comprise the intronic region. Bases in green are SNPs between Ws-2 
(sequence shown above) and Col-0 (sequence not shown). The red base is where the 
transition mutation occurs in alf3-1 mutants. (C) Amino Acid (aa) alignment of protein 
region containing the alpha D3-helix domain. Comparison of At5g44910 to proteins with 
highest amino acid sequence similarity. The conserved alpha helix-D3 region is marked 
by the black bar below the amino acid sequences. The (+) and (-) symbols represent gain 
of function or loss of function mutations previously reported at those positions. The alf3-
1 amino acid change is noted with an upward arrow that points to the amino acid change 
(N) found in the mutant. A question mark denotes a TIR domain containing protein with 
an unknown function. Bases highlighted in blue represent identical amino acids while 
magenta signifies a conserved amino acid at that position. Differences are significant by 


















PR1 PDF1.2 PR1 indole PR1 28℃ PR1 PR1 0h PBS3 0h PR1 72h PBS3 72h
































Figure 4.2 RT-qPCR confirms activation of defense genes in alf3-1.  
Relative expression for SA markers PR1 and PBS3 from 21-day, 10-day, and 13-day old 
Ws-2 and alf3-1 plants grown in normal and rescued conditions of measured by RT-
qPCR of three biological replicates. Genotypes and growth conditions are noted on the X-
axis. Relative mRNA for PDF1.2 Ws-2 and alf3-1 grown under normal conditions. All 




















































































Figure 4.3 SA and MeJA treatments induce more robust PR1 expression in alf3-1 
mutants.  
Black bars represent Ws-2 plants treated with 1 mM SA (first two bars) or 5 µM SA 
(third bar from the left). White bars show alf3-1 mutants treated with 0, 1, or 5 µM SA. 1 
and 5 µM treatment of alf3-1 show a robust induction of PR1 expression (white bars). 
Dark grey bars show approximately ~10-fold induction of PR1 in Ws-2 plants treated 
with MeJA. Light grey bars show a ~30-fold increase in PR1 expression in alf3-1 treated 
with 2 µM MeJA. All qualitative values are normalized to Ws-2 plants grown on PNS. 
As only one or two samples were prepared for each condition, the result from each 










Figure 4.4 Multi-dimensional scaling analysis shows clustering of suppression 
conditions independent of genotype.  
Multi-dimensional scaling plot represents expression differences among all RNA-seq 
libraries. Biological replicates are denoted by the same color. Highly correlated samples 
will cluster together. Libraries most different from one another are alf3-1 and Ws-2 
grown under normal conditions denoted by yellow and blue circles, respectively. Indole 
treated alf3-1 (magenta) and Ws-2 (pink) cluster closely at the top left quadrant and high 
temperature treated alf3-1 (red) and Ws-2 (green) cluster in the center of the left quadrant 
(red and green circles, respectively). This multi-dimensional scaling plot was generated 
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Figure 4.5 Venn diagram of genes upregulated genes in alf3-1 compared to Ws-2, 
Ialf3-1, and HTalf3-1.  
Venn diagram compares the edgeR analysis of RNA-seq data and shows genes 
upregulated in alf3-1 compared to Ws-2, indole (I) alf3-1, or high temperature (HT) alf3-
1. The 986 subset (in the white region of the Venn) represent genes specific to the alf3-1 
mutant condition because they are the genes that remain common in alf3-1 compared to 
all phenotype suppression conditions. The Venn diagram was generated using 
http://www.biovenn.nl/index.php. Genes were considered differentially expressed if they 





Table 4.1 GO terms associated with innate immunity are enriched in the gene set 
upregulated in the alf3-1 mutant.  
 




















salicylic acid mediated signaling pathway  5.74 8/39 
cellular response to salicylic acid stimulus  5.72 10/49 





cellular response to decreased oxygen levels  5.42 
 
6/31 






































































response to bacterium  3.19 51/448 















reactive oxygen species metabolic process  2.74 13/133 
response to reactive oxygen species  2.71 17/176 























































Using PANTHER, GO terms were selected from the set of 986 genes commonly 





Table 4.2 GO terms for secondary defense pathways are enriched in the gene set 
upregulated in the alf3-1 mutant.  































regulation of jasmonic acid mediated 






























GO terms were selected from the 986 subset of genes as analyzed by PANTHER. The 





Table 4.3 Genes involved in Trp metabolism and phenylpropanoid biosynthesis that 





Table 4.4 RNA-seq identified defense WRKY transcription factors induced in the 







AT2G04880 WRKY1 1.40 Defense response to bacterium, salicylic acid 
mediated signaling pathways, regulation of 
transcription. 
AT4G31800 WRKY18 1.84 Pathogen-induced transcription factor, forms 
complexes with itself and WRKY40 or 
WRKY60, constitutive expression of 
WRKY18 enhanced resistance to P. syringae. 
Regulation of transcription. Linked to PR-1 
activation (Verk et al., 2011).  
AT4G23550 WRKY29 2.41 Defense response. Regulation of transcription. 
AT5G22570 WRKY38 2.47 Defense response to bacterium, regulation of 
salicylic acid mediated signaling. Target of 
NPR1 during SAR (Banerjee and 
Roychoudhury, 2015). 
AT5G64810 WRKY51 2.22 Defense response to bacterium and fungus, 
jasmonic acid mediated signaling pathways, 
regulation of transcription. 
AT2G40750 WRKY54 2.10 Negative regulation of leaf senescence, 
regulation of defense response, regulation of 
transcription, response to salicylic acid.  
AT1G69310 WRKY57 2.00 Response to osmotic stress, regulation of 
transcription, response to salt stress, response 
to water depravation.  
AT2G25000 WRKY60 2.09 Pathogen-induced transcription factor, forms 
protein complexes with itself and WRKY40 
and WRKY18.  
AT5G01900 WRKY62 5.11 Defense response to bacterium, regulation of 
transcription, salicylic mediated pathway.  
AT5G13080 WRKY75 2.67 Lateral root development, regulation of 
transcription in response to stress, regulation 
of response to nutrient levels.  
TAIR ID and common name are provided in the first and second column. Fold-change 
(third column) is from the edgeR analysis of the RNA-seq data. The fourth column is the 




Table 4.5 RNA-seq identified defense WRKY transcription factors are induced in 









WRKY38 2.88 0.022 
WRKY54 2.66 0.0052 
WRKY62 2.09 0.015 
WRKY75 2.21 0.018 
 
Relative mRNA expression was determined by RT-qPCR for selected WRKY defense 
transcription factors from Table 4.4. Fold-change is reported in the middle column and 










Figure 4.6 KEGG pathway of defense genes induced in alf3-1.  
KEGG pathway analysis of defense genes upregulated in alf3-1 from the set of 986 
commonly upregulated genes. Pathways are separated by PTI (top) or ETI (bottom). Red 
boxes indicate genes induced in the alf3-1 genotype from the set of 986 commonly 
upregulated genes. Shown are MAMP triggered immunity (PTI) and effector triggered 
immunity (ETI) specific pathway components and downstream genes that are activated in 
the alf3-1 condition. Pathway derived from the functional annotation tool in DAVID 
Bioinformatics Resources 6.8, NIAID/NIH. Under the pathway pull down menu the 




















Figure 4.7 Venn diagram of genes downregulated genes in alf3-1 compared to Ws-2, 
ialf3-1, and HTalf3-1.  
Venn diagram compares the edgeR analysis of RNA-seq data and shows genes 
downregulated in alf3-1 compared to Ws-2, indole (I) alf3-1, or high temperature (HT) 
alf3-1. Venn diagram was generated using http://www.biovenn.nl/index.php. All RNA-





Table 4.6 GO terms associated with root growth and development are enriched in 
the gene set downregulated in the alf3-1 mutant.  
 





cell wall modification involved in 
multidimensional cell growth  
7.37 10/29 
plant-type cell wall modification 





root hair cell tip growth 6.75 6/19 
multidimensional cell growth  5.86 17/62 
root hair elongation  5.77 17/63 
trichoblast differentiation 5.25 27/110 
root hair cell differentiation  5.04 25/106 
trichoblast maturation 5.04 25/106 
cell maturation  4.99 25/107 
root epidermal cell differentiation  4.92 29/126 
plant-type cell wall modification 4.87 13/57 
root hair cell development  4.72 19/86 
plant epidermal cell differentiation  4.16 29/149 
plant-type secondary cell wall 
biogenesis 
3.62 10/59 
root morphogenesis  3.6 42/249 









anatomical structure maturation 3.48 28/172 
cell wall macromolecule metabolic 
process  
3.48 28/172 
developmental growth involved in 
morphogenesis  
3.44 51/317 
unidimensional cell growth  3.29 42/273 
developmental maturation 3.13 28/191 
cellular response to auxin stimulus  3.09 26/180 
growth 3.07 59/411 
developmental growth  3.04 52/366 
response to gibberellin  2.95 21/152 
plant epidermis development 2.94 33/240 
auxin activated signaling pathway 2.94 22/160 
developmental cell growth  2.83 24/181 
cell wall biogenesis  2.76 28/217 
plant-type cell wall organization 2.72 34/267 
cell development  2.72 38/299 
cell morphogenesis 2.72 46/362 
plant organ morphogenesis  2.62 47/383 
root development  2.52 55/467 
root system development 2.51 55/469 
response to auxin  2.36 44/399 









cell differentiation 2.00 64/684 
cellular response to hormone stimulus 1.86 73/838 
tissue development  1.83 47/548 
plant organ development 1.65 72/931 
developmental process 1.28 193/3213 
anatomical structure development  1.29 183/3031 
 
Using PANTHER, enriched GO terms were selected from analyses of subset of 1292 












Figure 4.8 Venn diagram of genes induced in SA-treated WT plants compared to 
alf3-1. 
Venn diagram compares the edgeR analysis of RNA-seq data and shows genes 
upregulated in alf3-1 compared to SA treated wild type. Venn diagram was generated 





Table 4.7 GO terms associated with SA induction enriched in the gene set 
upregulated in the alf3-1 mutant.  
 





regulation of jasmonic acid mediated 
signaling pathway 
7.39 9/38 
cellular amine metabolic process 6.65 13/61 
cellular response to salicylic acid 
stimulus 
6.5 10/48 
cellular response to antibiotic 6.13 12/61 
alpha-amino acid catabolic process 5 13/81 
aromatic amino acid family metabolic 
process 
4.8 13/83 
regulation of response to external 
stimulus 
4.6 14/95 
response to salicylic acid 4.15 27/203 
response to karrikin 4.14 17/128 
response to wounding 4.60 28/215 
organic acid catabolic process 4 19/148 
response to antibiotic 3.77 37/306 
phenylpropanoid metabolic process 3.7 19/160 
defense response to bacterium 3.56 45/394 
response to bacterium 3.48 55/493 
response to organonitrogen compound 3.39 25/230 
secondary metabolite biosynthetic 
process 
3.37 20/185 
response to jasmonic acid 3.22 22/213 
innate immune response 3.22 32/310 
small molecule catabolic process 3.21 22/214 
response to cadmium ion 3.18 35/343 
immune response 3.16 32/316 
alpha-amino acid metabolic process 3.14 30/298 
response to drug 3.11 59/592 
response to organic cyclic compound 2.99 33/344 
regulation of defense response 2.97 24/252 
response to nitrogen compound 2.97 28/294 









response to extracellular stimulus 2.82 24/265 
monocarboxylic acid metabolic process 2.77 42/472 
response to metal ion 2.75 42/476 
cellular amino acid metabolic process 2.66 35/410 
secondary metabolic process 2.65 33/389 
cellular homeostasis 2.59 27/325 
carboxylic acid metabolic process 2.54 79/971 
response to inorganic substance 2.53 76/935 
response to oxidative stress 2.51 37/460 
sulfur compound metabolic process 2.48 31/390 
response to biotic stimulus 2.46 100/1266 
response to acid chemical 2.45 94/1198 
response to external biotic stimulus 2.44 98/1253 
response to osmotic stress 2.36 50/660 
oxoacid metabolic process 2.3 83/1126 
organic acid metabolic process 2.29 83/1129 
response to external stimulus 2.26 120/1659 
response to oxygen-containing 
compound 
2.25 117/1619 
drug metabolic process 2.25 51/707 
organic acid biosynthetic process 2.25 41/569 
response to salt stress 2.24 42/585 
defense response to other organism 2.23 68/952 
defense response 2.23 108/1513 
cellular response to stress 2.15 65/943 
transmembrane transport 2.14 57/829 
response to chemical 2.08 192/2874 
response to stress 2.05 233/3552 
regulation of biological quality 2.04 78/1192 
multi-organism process 2.02 114/1759 






Using PANTHER, enriched GO terms were selected from analyses of subset of 883 
genes commonly upregulated in the alf3-1 mutant compared to SA induced WT. The 
table displays results with an FDR<0.05 that have fold enrichment ≥ 2. Highlighted in 





CHAPTER 5: CONCLUSIONS AND FUTURE PROSPECTS 
 
5.1 Summary of findings  
Previous work by Celenza et al. (1995) established that the alf3-1 mutation causes 
severely stunted lateral root growth due to cell death in newly forming root primordia and 
the primary root tip. In this thesis, we built upon this initial characterization of alf3-1 to 
include effects on the metabolome and transcriptome. We also identified the gene altered 
in the alf3-1 mutant.  
In Chapter 3, we used HPLC to show that the alf3-1 mutant produces high 
amounts of secondary defense metabolites derived from Phe and Trp. We also 
demonstrated that the alf3-1 mutant endogenously produces higher levels of SA, 
supporting the hypothesis that SA-dependent immune responses are elevated in the 
mutant. Growth medium supplemented with SA severely exacerbated the alf3-1 root 
phenotype, suggesting that SA treatment is additive when layered on top of an already 
heightened immune response (Figure 3.7). Additionally, data presented in Chapter 4 
demonstrates that SA treated alf3-1 plants have elevated SA-responsive defense gene 
expression. 
In Chapter 4, we performed whole genome resequencing on the alf3-1 mutant and 
screened for possible mutagenic SNPs. We limited our search for SNPs to protein coding 
regions of expressed genes. Results from this analysis revealed a candidate gene, 




proteins involved in plant innate immunity activation. Specifically, the candidate gene 
encodes a member of the TIR-X subclass, a group that is minimally characterized.  
We also performed RNA-seq analysis on alf3-1 to gain a more complete 
understanding of the transcriptional changes associated with the mutant phenotype. In our 
RNA-seq experiments we compared the alf3-1 mutant to Ws-2 (WT) grown under normal 
conditions, where the mutant phenotype is severe. We also compared the mutant grown at 
normal conditions to conditions that suppress the mutant phenotype that include growth 
at 29oC (high temperature) and in medium containing auxin precursor indole. This 
analysis showed that the alf3-1 mutant has elevated expression of innate immunity 
signaling and responsive genes including EDS1, PR1, PBS3, SARD1, and several WRKY 
TFs. Genes downregulated in the alf3-1 mutant include genes involved in root growth 
and development, suggesting that growth and development in alf3-1 are functional 
tradeoffs for autoimmunity.  
Based on the data described in Chapters 3 and 4, as well as previous 
characterization (Celenza et al., 1995), we propose that alf3-1 is a gain-of-function 
mutation causing an autoimmune response specific to the root system (Figure 5.1). Our 
results suggest that ALF3 normally functions as an ETI receptor and that the alf3-1 
mutation causes constitutive activation of ETI as modeled in Figure 5.1. From our 
findings we conclude that alf3-1 is the first autoimmune mutant to be genetically 
characterized in the Arabidopsis root system. Results from this study will lead to a better 





While our data is consistent with our model that alf3-1 is a gain-of-function 
mutation that causes autoimmunity in the root, several open questions remain. Below I go 
over the most important of these questions and in some cases provide preliminary data 
outlining experiments that will address these questions. 
 
5.2 Is a transgenic version of alf3-1 sufficient to confer an autoimmune phenotype? 
In plants, an easily scorable phenotype identifying autoimmune mutants is one that 
exhibits cell death induced lesions in the absence of pathogens (Rodriguez et al., 2016).   
Celenza et al. (1995) concluded that the lesions in alf3-1 mutants were caused by 
cell death based on data from a propidium iodide cell viability assay. With other 
dominant autoimmune mutants, introduction of the mutant allele into a WT plant can 
confer an autoimmune phenotype. To further investigate the role of candidate gene 
At5g44910 in causing the alf3-1 phenotype, a mutant version of candidate At5g44910 
can be transformed into Ws-2 to determine if it confers a similar root phenotype as 
observed in the original alf3-1 mutant. A positive result would give strong support to 
At5g44910 being the ALF3 gene.  
The creation of stable transgenic plants that carry an alf3-1 (At5g44910) mutant 
transgene utilized a technique known as the floral dip method as described in Chapter 2. 
Although, the floral dip method is technically simple, it does not allow for control over 
the location at which the transgene integrates stably into the genome. Early attempts at 
generating a stable transgenic plant failed to generate a mutant phenotype for reasons 




Our first unsuccessful attempts used an alf3-1 mutant cDNA construct driven by 
the Cauliflower Mosaic Virus (CaMV) 35S promoter. Because the alf3-1 mutant is root 
specific, it is possible that the generally strong constitutive CaMV 35S promoter does not 
express in the correct root tissues. In addition, several of these attempts used the Col-0 
WT accession instead of Ws-2, the accession in which alf3-1 was identified. We chose 
Col-0 originally because it is the most commonly used Arabidopsis accession. However, 
in hindsight this might have been a poor choice as alf3-1 is not fully penetrant in 
backcrosses to Col-0 (Celenza et al., 1995).  
To mitigate both of these potential obstacles, a complete genomic clone 
containing an alf3-1 mutant At5g44910 is being used instead and has been transformed 
into the Ws-2 accession. 69 independent transgenic lines were isolated and screened for 
an alf3-1-like phenotype. In this particular screen, several transgenic lines emerged as 
candidates based root growth phenotypes; however only one line (T60) exhibited a 
consistent high level of phenotypic similarity to alf3-1 (Figure 5.2). Figure 5.2 shows 
homozygous T60 plants (third transgenic generation) that display stunted alf3-1-like 
lateral and primary root phenotype. In comparison to untransformed Ws-2, T60 line roots 
are thicker, discolored, and have short knobby lateral root structures much like alf3-1 
mutants (Figure 5.2). 
Although we have a promising transgenic line, additional experiments are 
required to demonstrate that the mutant transgene is responsible for the root phenotype. A 






1) Does the discoloration and knobbiness of T60 roots indicate localized HR cell 
death as previously seen in alf3-1? To address this question, a cell viability assay, for 
example a propidium iodide or SYTOX stain, will be used to determine the viability of 
the root system. 
2) Do T60 plants have a similar metabolite profile as found in the alf3-1 mutants? 
To address this question phenylpropanoids and IGs will be quantified as described in 
Chapter 3. 
3) Do T60 plants have induced expression of SA-dependent defense genes PR1 
and PBS3? RT-qPCR will be used to analyze expression of these genes in T60 compared 
to untransformed Ws-2. 
4) Is the T60 root phenotype suppressed by the same growth conditions that 
suppress alf3-1? In an effort to analyze the T60 transgenic line, T60 plants were grown in 
29C high temperature and 80 M indole (alf3-1 suppressive conditions) and assessed for 
their root phenotype. In these preliminary results, the T60 root phenotype was not 
suppressed under either growth condition. Potential reasons for the lack of suppression 
could be due to the insertion of multiple copies of the transgene throughout the genome 
and that there are two endogenous WT alleles already present. We note that the 
suppression of innate immunity by temperature or auxin can be quite variable. The 
mechanisms that suppress the innate immune responses may be threshold-dependent 
which can directly impact the strength of the immune response. For example, the alf3-1 




27°C. In transgenic line T60, the transgene dosage may be above the threshold that 
allows suppression. To address possible dosage concerns, T60 is being backcrossed to 
Ws-2 and alf3-1 to create lines with different transgene and/or ALF3 dosages. 
 
5.3 Which innate immunity signaling pathways does alf3-1 activate?  
Dependency on EDS1 in other autoimmune mutants that have activated TIR domain 
proteins has been shown to be crucial for ETI signaling. Resistance proteins such as 
RPS4 have been demonstrated to require EDS1 for activation of ETI (Hofius et al., 2009). 
Because transcriptional analysis of alf3-1 mutants showed induction of EDS1 expression 
we speculated that ALF3 signals through EDS1. To test for alf3-1 mutant’s dependency 
on EDS1, we crossed alf3-1 to an eds1 loss of function mutant. The hypothesis being that 
if the alf3-1 mutant required EDS1 for its phenotype, then alf3-1 eds1 double mutants 
would show a suppressed (i.e. normal) root phenotype. However, alf3-1 eds1 double 
mutants resembled alf3-1 in phenotype (data not shown) implying that alf3-1 does not 
depend on EDS1 for immune signal transduction. Possible explanations for the lack of 
EDS1-dependency are: 1) alf3-1 is able to directly induce ETI without a mediator protein 
or 2) ALF3 defense signaling is mediated by another signal transduction protein.  
Although EDS1 dependency has been a well-established assessment of TNL 
activation of defense, suppression of known TIR-X and TIR-N autoimmune mutants by 
eds1 has yet to be shown in Arabidopsis. In addition, there are no clear examples of 
EDS1 being required for immune responses in the root. Future efforts will require testing 




An additional approach that may give insight into how alf3-1 signals an immune 
response is to identify genes that are expressed early in the onset of the alf3-1 phenotype. 
The transcriptome data, described in Chapter 4, examined three-week old plants that were 
grown in conditions that either expressed or suppressed the mutant phenotype for the 
entire growth period. Thus identification of which genes and pathways are primary versus 
secondary immune responses could not be determined from those data. To identify early 
response genes, we have underway an RNA-seq experiment in which alf3-1 plants were 
grown at the phenotype suppressing 29oC condition for ten days and then shifted to 21oC 
to allow the phenotype to develop. RNA has been isolated from plant samples that have 
been shifted to 21oC for 0, 8, 24, and 48 h. We expect that alf3-1-dependent genes 
induced earliest after the shift to 21oC will include those in signaling and/or executing 
alf3-1-mediated immune responses. 
 
5.4 Does ALF3 function as part of a protein complex that activates ETI? 
In several previously reported cases, the activation of ETI involves the coordination of 
multiple separate resistance (R) proteins that function together within a complex (Dangl 
and Jones, 2001; Jones et al., 2016). Based on these studies on R proteins, of which some 
are TIR-domain proteins, we hypothesize that ALF3 also functions as a part of a multi-
protein complex. In our working model (Figure 5.1), we propose that the alf3-1 mutant 
autoactivates ETI pathway signaling even though no pathogen is present. Based on our 
RNA-seq data, ETI activation likely also leads to partial activation of PTI. The general 




Alhoraibi et al. (2018). In this section, we elaborate on our model to include possible 
mechanisms for how ALF3 may function in a protein complex to signal ETI.  
In recent years, two general models for ETI signaling via R protein complexes 
have emerged (Figure 5.3). In the first model, known as the “sensor-executioner” model, 
all interacting proteins are encoded by closely-linked genetic loci and proteins involved 
in signaling physically interact. Upon effector activation, the sensor protein undergoes a 
phosphate-binding loop (p-loop) conformational change which releases the executioner to 
activate ETI signaling (Figure 5.3 A). Many sensor proteins are able to perceive effectors 
because they harbor an integrated domain that serves as effector bait. For example, RRS1 
contains an integrated WRKY domain that mimics other effector targets (Figure 5.3 A). 
Because of their role in activating immunity, WRKY TFs are often the targets of 
effectors. Although “sensor-executioner” relationships are interdependent, previous 
studies have shown that gain-of-function alleles or overexpression constructs for 
executioners, such as RPS4, result in autoimmunity (Richard and Takken, 2017). This 
example demonstrates the importance of executioners in defense response activation 
(Richard and Takken, 2017). 
In the second model, called the “sensor-helper” model (Figure 5.3 B), R proteins 
are not necessarily encoded by linked loci and protein-protein interactions have not been 
definitively established. In this model, helper proteins (ADR1 in Figure 5.3 B) monitor 
the P-loop conformational change of multiple upstream sensors and activation of the 




Of these two models, our data suggest that the alf3-1 mutant best conforms to the 
“sensor-executioner” model. We hypothesize that TIR-X proteins, such as ALF3, 
function in protein complexes in the role of “executioner”. Because TIR-X proteins lack a 
regulator P-loop region, they are not likely to function as sensors in either the “sensor-
helper” or “sensor- executioner” model. We have shown that the mutation that causes the 
alf3-1 phenotype resides in the TIR-domain of a TIR-X protein, suggesting that ALF3 
constitutive signaling of ETI is downstream of “sensor” activation. Furthermore, many 
TIR-X and TIR-N proteins have been found in genomic clusters with other TNLs 
suggesting that they are more likely to function with other proteins that are genetically 
linked (Meyers et al., 2002). The genetic context for the ALF3 candidate At5g44910 
includes several other TIR domain proteins (e.g. At5g44900 and At5g44920) which 
could be tested for protein-protein interaction with ALF3. These observations suggest a 
model for ALF3 in which it functions as an executioner that signals through ETI in roots. 
Determining whether ALF3 functions as an executioner or in a yet-to-be defined role will 
provide critical insights on how TIR-X proteins signal ETI (Figure 5.4 A).  
Alternatively, ALF3 may function independently of a protein complex. We have 
shown that the alf3-1 mutant phenotype is stronger in the Ws-2 accession than in the Col-
0. The observation that the alf3-1 is sufficient to produce a strong autoimmune phenotype 
in Ws-2, but is unable to produce the same result in Col-0, suggests differing signaling 
mechanisms. Specifically, in the Ws-2 accession, ALF3 may act alone in signaling ETI 
(Figure 5.4 B), whereas in Col-0 it may be part of complex whose other members 




have upstream or downstream proteins that are not present in Ws-2 and that regulate 
ALF3 signaling, thus explaining the weaker mutant phenotype in Col-0. 
 
5.5 Concluding remarks 
A caveat raised by our work is that our conclusions are based on phenotypes caused by a 
gain-of-function mutant allele. Thus, while we may be able to create models for how the 
mutant functions to create an autoimmune phenotype, the extent to which these models 
relate to wild-type ALF3’s function is currently unclear. Nonetheless, by gaining a greater 
understanding of the mutant allele’s function, we ultimately expect to be able to derive 
insight into how innate immunity functions in the root and these findings may lead to an 
enhanced understanding of plant defense against root pathogens.  
Moving forward, an important question is to determine which 
pathogen(s)/effector(s) specifically activate ALF3 ETI signaling in wild-type plants. 
Effector perception mechanisms co-evolve with bacterial effector secretion. Thus, 
different effectors are recognized by different perception proteins as a part of resistance 
behavior. As a result, ALF3 may be responsive to a specific root pathogen that delivers a 
unique effector. Based on our continuing studies, we propose that the ALF3 gene product 
functions at the site of effector perception and/or signaling. Given that the alf3-1 mutants 
have a robust autoimmune root phenotype, the full characterization of the ALF3 gene 
could ultimately provide unique insight into how TIR-X proteins activate ETI in roots. 




implications for defining major processes that occur during an immune response in root 
systems.  
Plant roots exist as part of a community within the rhizosphere. The rhizosphere, 
defined as a narrow region of soil that includes roots and root secretions, is maintained by 
a diverse set of interactions between various beneficial and pathogenic microorganisms. 
The complexity of how different plant systems maintain homeostasis in roots is a rapidly 
developing area of study in the plant biology field. Root phenotypes are difficult to study 
due to the physical limitations imposed by their location below the soil and by their 
essential role for plant survival thus many root mutations, including a recently discovered 
autoimmune mutant in rice, are lethal (Yu et al., 2018). Because the alf3-1 mutation is 
partially dominant and not inherently lethal, we have been able to characterize for the 
first time potentially important aspects of immune response signaling in Arabidopsis 
thaliana roots. Full characterization of ALF3 could ultimately prove to be a key link in 











Figure 5.1 The alf3-1 mutant constitutively signals ETI. 
Based on the dominant alf3-1 phenotype, our working model is that the alf3-1 mutant has 
an activated HR response by constitutively signaling ETI. In this model, alf3-1 activates 







Figure 5.2 Transgenic line T60 exhibit an alf3-1 -like root phenotype.  
T60 was isolated from 69 individual transgenic plants carrying the mutant allele of 
At5g44910. Imaged above are three representative plants from the T60 line. The T60 line 
has a primary root system that is much shorter compared to Ws-2 (not shown) clearly 
seen in (A). Lateral roots are stunted and the entire root system is light dense (as opposed 
to translucent) which is an indicator of cell death (A, B, and C). Data generated by Xinli 










Figure 5.3 Models for R protein activation leading to defense response induction.  
(A) Sensor-executioner model. Sensor (RRS1) perception of effector (yellow pac-man) 
induces a conformational change resulting in executioner release (labeled as activated 
RPS4). Once activated RPS4 is free to signal induction of defense response genes. (B) 
Sensor-helper model. Downstream helper protein (ADR1) monitors sensor P-loop 
conformational change. Effector (yellow pac-man) induces P-loop conformational change 








Figure 5.4 Possible models for alf3-1 signaling.  
(A) Modeled is ALF3 functioning as an executioner in complex with a resistance protein 
that signals ETI through unknown mediator protein (purple cylinder with question mark). 
(B) ALF3 functions alone in signaling ETI through unknown mediator protein (purple 
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